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INTRODUCTION 


In  recent  years,  with  the  advent  oE  expensive  aviation  fuel  and 
the  possibility  of  a  cutoff  of  strategic  minerals,  composite  materials  have 
became  more  and  more  attractive  as  substitutes  for  metals  In  aircraft  due  to 
their  superior  strength  and  weight  properties.  The  use  of  graphite/epoxy , 
boron/epoxy  and,  more  recently,  Kevlar/epoxy  on  moat  modern  high  performance 
aircraft  is  Increasing  at  a  steady  pace  to  include  much  secondary  atructure. 
By  the  1990  time  frame,  primary  structures  such  as  airframes,  fuselageu  and 
wings  are  projected  to  be  wholly  composites. 

The  electromagnetic  properties  of  composite  materials  differ  sig¬ 
nificantly  from  those  of  aircraft  metals  such  as  aluminum  and  titanium. 
Electrical  conductivity  may  vary  from  essentially  zero  (Kevlar /epoxy)  to 
values  beginning  to  approach  those  of  metals. (graphite/epoxy).  The  electri¬ 
cal  properties  of  composites  have  a  large  impact  on  such  aircraft  character¬ 
istics  as  lightning  protection,  shielding  effectiveness,  electrical  BysteroB, 
antenna  operation,  static  electricity  buildup  and  radar  cross  sections. 

Composites  vary  considerably  in  their  electromagnetic  (EM)  proper¬ 
ties  and  in  their  susceptibility  to  EM  hazards.  Most  interest  in  composites 
to  date  has  focused  on  their  mechanical  and  structural  properties;  less 
interest  has  been  placed  on  their  electromagnetic  properties.  Such  EM 
information  is  vital  in  order  for  aircraft  manufacturers  to  provide  adequate 
EM  shielding  and  grounding  in  order  that  the  aircraft  electronic  systems 
operate  acceptably  in  their  expected  service  environment. 

Although  several  studies  have  been  undertaken  to  Identify  and 
measure  all  relevant  composite  EM  properties,  there  exists  a  need  to  collect 
and  summarize  these  studies  in  a  form  that  will  be  useful  to  an  EMC  engineer 
working  with  composite  structures.  It  is  the  purpose  of  this  handbook  to 
help  satisfy  that  need. 

Figure  1-1  depicts  a  need  to  know  the  ramifications  on  aircraft 
design  when  combining  the  technologies  of: 

e  Low-level  avionic  devices 

•  Composite  materials 

e  High-level  threats 

to  assure  adequate  protection  which  allows  aircraft  to  survive/operate  in 
the  high-level  threat  environments  of  nuclear  electromagnetic  pulse  (NEMP), 
lightning  (LEMP),  and  radar.  Metallic  aircraft  design  has  had  over  thirty 
years  to  mature.  However,  these  established  design  philosophies  must  be 
carefully  reexamined  when  incorporating  the  above  cited  new  technologies. 
Especially  critical  is  flight  crew  safety  and  mission  effectiveness  as 
fly-by-wire  composite  aircraft  and  computer-controlled  weapons  systems 
replace  traditional  human-actuated  mechanical  systems. 
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Figure  1.1.  Aerospace  Avionics  Device  Technology  Trends 


Loaa  of  aircraft  control  or  allusion  effectiveness  degradation  may 
be  categorized  by  the  following: 

Category  Determining  Farameter(s) 

Device  upaet  Vqq,  IsC 


Device  burnout 

! 


Energy  into  device 


Airframe  damage 


Temperature  rise  and 
mechanical  displacement 


The  first  category  is  simply  a  transient  condition  on  a  device  not 
resulting  in  permanent  damage,  but  which  may  Implant  erroneous  data  result" 
ing  In  incorrect  digital  system  operation.  The  second  condition  permanently 
destroys  electronic  devices,  rendering  portions  of  the  avionic  system  inop¬ 
erable  until  replaced.  Electromagnetic  effects  resulting  from  nuclear  1SMP 
and  lightning  can  cause  upaet  or  burnout.  In  addition,  lightning  can  phys¬ 
ically  damage  airframe  sections,  which  may  or  may  not  affect  flight  safety 
and  mission  effectiveness  depending  on  the  strike  location  and  aircraft  de¬ 
sign. 


The  capability  of  evaluating  the  magnitude  of  these  effects  during 
aircraft  design  or  upgrade  can 

•  Realize  a  60%  electromagnetic  "hardening"  cost  savings 

•  Shorten  the  design  cycle 
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•  Prevent  significant  redesign  efforts 

e  Aid  contractor  in  meeting  government  specifications, 
thereby  reducing  government/contractor  paperwork 
efforts  in  modifying  specifications 

•  Increase  government/contractor  better  insight  prior 
to  hardening  testing 

The  electromagnetic  effects  on  aircraft  avionics  can  be  eval  ted 
with  the  knowledge  of  six  baoic  frequency  dependent  functions.  These  are 
denoted  by  D(f)  and  ( f )  through  Tj(f),  which  are  illustrated  in  Figure 
1-2.  Combining  these  functions  determines  the  amount  of  electromagnetic 
protection  Tg(f)  required  to  bring  the  avionics  box  open  circuit  terminal 
voltage  Vqc  to  levels  which  will  not  upset  or  burn  out  the  avionics  com¬ 
ponents.  The  open  circuit  voltage,  V0q,  which  represents  an  upper  bound 
for  the  actual  voltage,  may  be  calculated  from  the  relation 


V0C  "  D(OT1(f)T2(f)T3(f)T4(f)T5(f)T6‘1(f) 

where: 

D(f)  -  appropriate  threat  driving  function 

T^(f )  -  material  shielding  transfer  function 

T„(f )  -  current  distribution  resulting  from  the  aircraft 

shape  and  material  distribution 

T-(f)  -  Joint  transfer  function  •  1  +  z-1  y"1 

J  t  J 

T4(f)  -  cable  shielding  transfer  function 

T5(f)  -  avionics  box  terminal  penetration  characteristic, 

function 

T^(f)  -  protective  transfer  function 


ThiB  section  deals  only  with  the  threat  D(f),  the  resulting  volt¬ 
age  protection,  and  the  resulting  weight  penalties  imposed  by  the  protec- 
t  ion. 


Figure  1-3  shows  peak  avionics  box  terminal  open  circuit  voltage 
resulting  from  the  electromagnetic  threats  of 

Direct  strike  lightning  mmmhkmmms 

Near  strike  lightning  _  __  —  _ 

Nuclear  electromagnetic  pulse  p—  - g 
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Quantities  In  dB 


Figure  ,1. 2.  Electromagnetic  System  Parameters 


impinging  on  an  F-14  aircraft  having  an  airframce  construction  of 
e  All  aluminum 

e  Aluminum  and  graphite/epoxy 

The  open  circuit  voltage  Vqq  ia  determined  by  the  coupling  through  composite 
panels,  aluminum  panela,  and  joints  which  may  be  summed  for  total  avionics 
box  voltages.  An  upper  bound  on  the  maximum  at  the  box  terminal  is  found  by 
computing  the  short  circuit  current  at  the  terminals  and  multiplying  by  the 
open  circuit  voltage.  These  reeults  are  shown  in  Figure  1-4.  It  should  be 
emphasised  that  these  results  for  peak  power  represent  worst-cane  values 
because  the  open  circuit  and  short  circuit  conditions  cannot  occur  simulta¬ 
neously. 


Figure  1-5  shows  the  Wunsch  constant  results  computed  for  the 
cases  In  Figures  1-3  and  1-4.  On  the  right  side  of  Figure  1-5,  representa¬ 
tive  ranges  of  Wunsch  constants  for  various  semiconductor  junction  devices 
are  given.  Thus  curves  exceeding  these  Wunsch  constant  ranges  indicate  that 
the  device  Junctions  are  permanently  damaged  (burned  out)  if  the  avionics 
box  provides  no  further  device  protection. 

The  family  of  curves  in  Figures  1-3  through  1-5  ware  generated 
f  run  triangular  patch  surface  coupling  models  of  the  F-14  similar  to  those 
shown  in  Figures  1-6  and  1-7.  These  coupling  models  evaluate  the  internal 
electromagnetic  fields  that  result  from  the  aforementioned  electromagnetic 
threats  using  knowledge  of  the  precise  internal  electromagnetic  flux  distri¬ 
bution  in  the  interior  of  an  aircraft  under  the  approximations  discussed  in 
Section  6.  Coupling  models  allow  accurate  calculation  of  voltages  and 
powers  that  exlBt  on  Internal  wires  of  given  internal  geometric  location. 


SM)  X  INVXSNOD  HOSNOM 


LINE  LENGTH  L(m) 

Figure?  1.5.  Wunsch  Constant  Versus  Line  Lengtli  for  ftiree  Threats 

Line  Configurations,  X  =  105m,  Z.  = 


MW* 
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Figure  1-8  illustrates  the  outstanding  agreement  In  surface  cur¬ 
rent  density  Jg^,  calculated  by  the  well  known  THREDE  code  and  the  triang¬ 
ular  patch  surface  model  sued  in  this  report.  The  early  time  and  peak  value 
difference  between  the  codes  is  being  resolved  at  present  in  the  full-scale 
F-14  testing  currently  underway  in  the  Navy's  FAANTAEL  effort. 

The  significance  of  threat  rise  time,  on  aircraft  vulnerability 
is  examined  in  Figures  1-9  through  1-12.  Figure  1-9  shows  an  increase  in 
skin  current  density  by  a  factor  of  three  for  a  reduction  in  threat  rise 
times  from  0.1  |is  to  0.2  ys  for  near  strike  lightning.  For  the  NEMP  case 
shown  in  Figure  1-10,  the  peak  skin  current  density  Increased  by  a  factor  of 
14  for  a  decrease  in  rise  time  from  .001  ys  to  0.1  us.  These  increases  in 
peak  surface  current  due  to  the  higher  frequency  content  in  the  short  rise 
time  threat  spectra.  However,  they  have  little  effect  on  interior  circuit 
voltages  whure  only  joint  and  panel  coupling  occurs.  This  behavior  1b  to  be 
expected  in  light  of  the  joint  admittance  and  transfer  impedance  function 
characteristics . 

Figures  1—1 1  and  1-12  show  the  transfer  impedance  shielding  capa¬ 
bility  of  coatod  panels  and  the  improvement  obtainable  over  an  8-ply  panel 
consisting  of  graphite/ epoxy.  The  weight  penalties  imposed  by  the  various 
coating  is  illustrated  In  Figure  1-13.  Finally,  a  weight  shielding  figure 
of  merit  is  shown  in  Figure  1-14  using  the  8-ply  composite  panel  as  a 
baseline . 


The  second  chapter  reviews  electromagnetic  threats  that  composite 
aircraft  may  expect  to  experience.  The  threats  will  be  natural  (lightning, 
precipitation  static)  and  foe  (EMP,  laser  and  electronic  warfare). 

The  third  chapter  describes  the  composition,  fabrication  and 
mechanical  properties  for  composite  materials  in  detail.  The  effects  of 
modifications,  coatings,  repairs  and  environment  will  be  assessed. 

The  fourth  chapter  discusses  present  and  future  composite  material 
applications.  A  review  of  past  composite  use  for  aircraft  is  presented  und 
future  uses,  Including  uses  outside  the  aircraft  industry,  are  reviewed. 

The  fifth  chapter  investigates  and  discusses  the  intrinsic  mate¬ 
rial  properties  (conductivity,  permittivity  and  permeability)  as  a  function 
of  frequency  for  graphite/epoxy,  boron/epoxy  and  Kevlar/ epoxy.  Environ¬ 
mental  factor  influence  is  discussed  and  nonlinear  properties  investigated. 

The  sixth  chapter  discusses  electromagnetic  shielding  In  detail  as 
it  applies  to  general  composite  structures.  A  current  list  of  shielding 
effectiveness  measurements  is  presented  for  graphite/epoxy  and  boron/epoxy. 
A  discussion  is  given  for  joint  coupling  in  composite  panels. 

The  seventh  chapter  surveys  the  susceptibility  of  modern  digital 
and  integrated  circuits  to  EM  energy.  Susceptibility  curves  are  presented 
for  a  number  of  modern  integrated  circuits  and  the  implications  for  the  use 
of  modern  digital  and  integrated  circuits  on  composite  aircraft  are  dis¬ 
cussed  . 


Patch  Model  Used  in  This  Report 


igure  1.10.  Skin  Current  Density  Jsc  on  Edse  No.  29  of  Triangular 
Patch  Model  of  F-1A  Aircraft  for  Various  Rise  Times  T 
of  Incident  NEMP 
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Protective  Electromagnetic  Coating* 
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Figure  1.11.  Transfer  Impedance  Shielding  of  Structural  Materials 
and  Protective  Electromagnetic  Coating# 
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Figure  1  12.  Improvement  Protective  Coatings  Provided  Relative 
to  8-Ply  Graphite/Epoxy 
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The  eighth  chapter  discusses  the  achievement  of  EMC  in  a  modern 
electronic  system  from  a  systems  perceptive.  The  various  tools  that  are 
used  to  design  and  tailor  EMC  specifications  for  a  given  system  (in  this 
case,  a  composite  aircraft)  are  enumerated  and  described. 


The  ninth  chapter  reviews  the  various  methods  and  techniques  for 
Measuring  the  electromagnetic  properties  of  composite  materials. 

The  tenth  chapter  reviews  the  various  protection  methods  that  arc 
now  being  used  on  composite  aircraft.  The  major  tAsk  of  these  methods  is  to 
provide  lightning  and  precipitation  statics  protection.  A  second  task  is  to 
provide  increased  electromagnetic  shielding. 

The  last  chapter  discusses  the  various  electromagnetic  guidelines 
that  are  suggested  for  use  in  designing  electromagnetic  compatibility  into  a 
composite  aircraft  system. 
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2.0  ELECTROMAGNETIC  THREATS 

The  ability  to  operate  successfully  under  adverse  conditions  is 
un  extremely  important  consideration  in  the  design  of  aircraft  uBing  compos¬ 
ite  material.  The  adverse  conditions  discussed  in  this  Bectlon  are  electro¬ 
magnetic  in  origin  and  are  termed  electromagnetic  threats.  Some  threats, 
such  aa  lightning  and  precipitation  static,  occur  naturally  in  the  environ¬ 
ment  or  as  a  result  of  normal  system  operation.  Others,  such  as  high 
powered  RF  from  radars,  nuclear  electromagnetic  pulse,  or  high  energy  lasers 
are  man-made  and  originate  from  both  friendly  and  hostile  sources.  Each 
threat  is  described  in  some  detail  and  an  assessment  made  of  its  possible 
impact  on  system  performance.  Protection  methods  for  aircraft  UBing  com¬ 
posites  will  be  discussed  in  Section  10,0  on  Protection  Methods  and  Tech¬ 
niques. 


2.1  Natural  Threat 


In  this  section  the  naturally  occurring  threats  of  lightning  and 
precipitation  static  are  discussed.  A  general  description  is  given  for  each 
threat;  certain  mathematical  models  are  presented  that  describe  the  main 
threat  mechanisms,  and  a  brief  assessment  is  made  of  the  impact  of  the 
threat  on  system  performance. 

2 . 1 . 1  Lightning 

Lightning  may  be  generally  described  as  a  sequence  of  transient, 
high  current  electrical  discharges  in  the  atmosphere.'  The  lightning  flash 
that  is  usually  observed  is  in  reality  several  individual  lightning  strokes 
separated  by  40  milliseconds  or  more.  Lightning  is  most  commonly  associated 
with  thunderstorm  activity  but  may  occur  in  sandstorms,  snowstorms,  dust 
cloudB  from  erupting  volcanos,  or  even  in  clear  air/1'  Only  discharges 
from  thundercloudo  to  ground  will  be  discussed  since  most  available  experi¬ 
mental  data  pertains  to  this  situation. 

2. 1.1.1  The  Lightning  Process  -  Overview^///) 

A  thundercloud  la  a  dynamic  mixture  of  water  droplets,  water  vapor 
and  ice  under  the  influences  of  a  temperature  gradient,  a  pressure  gradient 
and  u  gravitational  field.  The  various  processes  occurring  within  the  cloud 
cause  a  separation  of  electrical  charge  to  occur  with  large  positive  charge 
generally  accumulating  at  the  cloud  top  and  large  negative  charge  generally 
accumulating  at  the  cloud  bottom.  A  cloud  profile  illustrating  charge 
separation  versus  the  temperature  and  pressure  gradients  Involved  is  shown 
in  Figure  2.1.  The  charge  distributions  are  usually  described  in  terms  of 
major  or  minor  charge  centers  in  the  cloud.  These  centers  uct  as  equivalent 
sources  which  reproduce  the  measured  E  and  H  fields  external  to  the  cloud 
but  do  not  necessarily  coincide  with  the  actual  charge  distribution.  The 
magnitudes  of  the  charge  centers  are  typically  +40  coulombs  for  major 
centers  and  +10  coulombs  for  minor  centers.  The  detailed  mechanism  of  the 
charge  separation  process  is  not  known  but  is  probably  similar  to  the 
familar  tribeleetric  or  thermoelectric  frictional  charging  processes.  The 
potential  difference  between  major  charge  centers  is  on  the  order  of  10*’ 
volts.  This  voltage  will  give  a  cloud  energy  of  4  x  10®  joules  which 
represents  an  upper  bound  on  the  energy  available  for  the  lightning  process. 
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Lightning  (cloud-to-ground)  will  occur  whenever  the  separation  of 
charge  in  the  thundercloud  produces  an  electric  field  sufficient  to  cause 
electrical  breakdown  of  the  air  gap  between  cloud  and  ground*  The  good 
weather  electric  field  intensity  at  the  ground  is  100  volts/m  while  the 
uniform  field  intensity  needed  to  cause  electrical  breakdown  of  dry  air  at 
normal  atmospheric  pressure  le  300  kV/m.  For  non-uniform  fields,  the  field 
Intensity  for  breakdown  will  always  be  less*  The  electric  fields  that 
produce  lightning  discharges  are  very  non-uniform,  being  relatively  strong 
at  the  cloud  base  and  relatively  weak  at  the  ground. 

There  are  two  mechanisms  that  are  thought  to  occur  in  the  dis¬ 
charge  process.  In  the  first  mechanism,  which  is  dominant  for  uniform 
fields,  the  free  electrons  existing  in  the  air  gap  are  accelerated  by  the 
electric  field  and  interact  with  atoms  and  molecules  in  the  air  to  produce 
additional  electrons  and  ions  through  electron-impact  ionization  and  photo- 
ionization.  These  growths  of  electron  and  ion  densities  are  termed  ava¬ 
lanches.  Numberous  avalanches  will  eventually  lead  to  breakdown  of  the  air 
p,ap. 

A  second  mechanism  becomes  dominant  for  non-uniform  fields. 
Luminous  pulses  of  ionization,  called  streamers,  propagate  out  at  high 
velocity  from  the  high  field  region  to  the  low  field  region.  The  streamer 
head  contains  an  intense  electric  field  capable  of  producing  ionization  in 
the  surrounding  air  allowing  the  streamer  to  propagate  rapidly.  The  stream¬ 
er  that  initiates  the  lightning  process  is  unique  in  that  it  propagates  in  a 
characteristic  stepping  fashion.  This  streamer,  called  the  stepped  leader, 
typically  propagates  at  a  velocity  of  1.5  x  105  m/sec  in  steps  50m  long 
with  a  pause  of  50  microseconds  between  steps.  About  5  coulombs  of  change 
are  deposited  along  the  leader  channel,  which  may  be  3  km  long  and  a  few 
meters  wide,  in  about  20  msec.  The  detailed  physics  of  the  stepped  leader 
are  not  well  understood  although  several  theories  have  been  proposed. (U 
Many  utilize  the  concept  of  a  non-luminous  pilot  leader  which  precedes  and 
guides  the  luminous  stepped  leader. 

/ 

As  the  stepped  leader  propagates  downward,  the  high  field  in  the 
leader  head  causes  upward  moving  streamers  to  be  launched  from  ground  or  a 
sharp  object.  Such  streamers  will  be  initiated  for  ground  electric  field 
Intensities  of  10°  volt/m  or  greater.  When  the  upward  and  downward 
leaders  meet,  a  conducting  channel  is  formed.  The  leader  head  is  effective¬ 
ly  grounded  while  the  leader  tail  is  still  ac  high  potential.  The  result  :Ls 
a  very  luminous,  positive  discharge  up  the  leader  channel  called  the  first 
return  stroke.  Tremendous  energy  (typically  5  x  108  joules)  is  delivered 
to  the  leader  channel  in  a  few  microseconds.  A  li  rge  fraction  of  this 
energy  causes  the  leader  channel  to  expand  and  its  temperature  to  rise  (up 
to  30,000°iQ,  This,  in  turn,  produces  an  explosive  cylindrical  shock  wave 
which  is  the  main  source  for  thunder.  A  small  fraction  (about  1%)  of  the 
energy  produces  the  electromagnetic  spectrum.  The  return  stroke  current  Is 
characterized  by  a  rapid  rise  in  current  peak  value  (up  to  100  kampa  within 
10  microseconds)  and  a  propagation  velocity  of  5  x  10/  m/uec.  The  stroke, 
lasts  typically  70  -  100  microseconds. 
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After  the  return  stroke  has  traversed  the  channel,  current  up  to 
hundreds  of  amperes  will  continue  to  flow  for  several  milliseconds.  During 
this  time  tens  of  coulombs  of  charge  may  be  transferred  to  the  channel. 
This  continuing  current  is  thought  to  be  an  important  mechanism  for  main¬ 
taining  ionization  along  the  cunducting  channel  for  subsequent  return 
s ttokes  • 


If  sufficient  charge  1b  made  available  to  the  channel  from  t he 
thundercloud  in  a  time  of  100  milliseconds  or  less,  a  streamer  called  a  dart 
leader  will  traverse  the  channel.  This  streamer  precedes  a  subsequent 
return  stroke  and  is  similar  to  a  stepped  leader  except  that  the  stepping 
process  is  usually  absent.  Subsequent  return  strokes  are  usually  of  leas 
Intensity  than  the  first  return  stroke  but  otherwise  similar  in  character¬ 
istics.  The  total  sat  of  strokes  constitutes  the  lightning  flash  seen  by 
the  eye  and  is  typically  a  fraction  of  a  Becond  in  duration. 

Lightning  flashes  vary  widely  in  their  properties  depending  on 
lightning  type  and  location  on  the  earth.  Table  2.1  lists  a  range  of  values 
for  the  various  components  of  a  lightning  flaBh  as  found  in  the  literature. 
The  values  In  this  table  are  meant  to  give  a  fealing  for  the  orders  of 
magnitude  Involved  and  to  serve  as  a  guideline.  The  total  lightning  dis¬ 
charge  process  is  illustrated  in  Figure  2.2  in  the  time  domain.  The  wave¬ 
form  1b  not  to  scale  but  serves  to  illustate  the  trend  of  the  data  given  in 
Table  2.1  and  to  summarize  the  predeedlng  discussion. 

2 . 1 . 1 . 2  Radiated  Lightning  Spectrum  (Far  Field) ( A » ^  ^ ) 

Two  measured  lightning  spectra  are  shown  in  Figures  2.3  and  2. A 
and  include  the  contributions  of  many  investigators.  The  measured  range  is 
from  a  few  kHz  to  a  few  GHz.  The  spectra  are  normalized  respectively  to  10 
km  and  one  statute  mile  and  have  bandwidths  of  1  kHz*  The  frequency  range 
of  maximum  signal  amplitude  is  5-10  kHz  and  the  amplitude  decreases  roughly 
as  the  inverse  of  the  frequency.  Beyond  a  few  GHz  the  spectrum  haH  not  been 
nearly  measured. 

2 . 1 . 1 . 3  Lightning  Near  Fields ( ^ *  A) 

For  points  reasonably  near  the  discharge  channel,  the  near  fields 
of  the  lightning  are  dominant.  The  near  electric  field  is  produced  by  the 
charge  deposited  along  the  stepped  leader  channel.  An  estimate  for  this 
field  can  be  given  by  considering  the  electric  field  produced  by  a  uniform 
line  of  charge  of  finite  lungth.  Such  a  field  is  given  by 


P  f\  1  L2  \ 

■2T<r0  (j)  -  7,7^717? 
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Table  2.1  Refiruaantativa  Chaructariatlca  for  ClouJ-to-Ground 
Lightning  Flunhnn ( *■ ) 


Minimum 

.Wtirnqtt 

Mux  imum 

StAppucl  Lumier 

Sum  Lung th  (m) 

3 

50 

200 

Tlniu  ll.;tw*.,n  Slopn  (moc) 

10 

V) 

173 

Velocity  of  Pr opaque  Ion  (m/ ■•»«»:) 

1x10' 

1-5x10 • 

2. 6x10" 

Clm rue  DopoBlted  on  Cr.nnnul  (i*cn) 

i 

"l 

.‘■1 

Dart  Laudur 

Vulnclty  'A  Propagation  (m/auc) 

iKlO6 

2f  10° 

2x10 7 

Churg*  Oapoaltiad  on  Channel  (nou) 

0.2 

i 

h 

Raturn  Slrukt 

2sl07 

1  ,4x11)“ 

Valuclty  of  Propagation  (m/aau) 

3Xl07 

Rata  of  Curruilt  lUaa  (ka/uaet) 

1 

inoi 

100 

Tima  70  Pauk  Currant  (uaac) 

0.23 

2 

10 

Tank  Cur /ant  (Ka) 

) 

uwo 

L4U 

Tiini  to  Current  Half-Value  (U»«c) 

10 

to 

’.50 

Charga  Tranafarrad  (roil) 

0.2 

i.5 

20 

Channel  Length  (km) 

2 

14 

Continuing  Currant 

Currant  Duration  (maat) 

38 

160 

600  i 

Currant  Val.ua  (a) 

•  .10 

140 

500 

Charga  Tranafarrad  (uni) 

7 

2h 

lhi 

Total  t'l/iBh 

Surokai  par  Flaali 

i 

J-4 

26 

Tima  Batwann  Strukaa  (mauc) 

i 

40-80 

100 

Duration  of  Flaali  (nac) 

o.m 

U.J 

i 

Charga  Tranifar'ad  (Cuu) 

i 

25 

91) 
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where  p  Is  the  charge  density,  L  is  the  length  of  the  leader  channel  in 
meters,  and  D  is  the  distance  from  the  channel  in  meters.  Ab  an  order  of 
magnitude  estimate,  for  p  equal  to  1  coulomb  per  km,  L  equal  to  2.5  km,  and 
D  equal  to  100m,  the  field  is  200  kV/m  which  is  close  to  the  measured  value 
of  100  kV/m. 

The  magnetic  near  field  is  produced  primarily  by  the  large  return 
stroke  current  which  forces  the  magnetic  field  to  lag  behind  the  electric 
field.  The  magnetic  near  field  can  be  estimated  by  considering  a  current 
moving  along  a  thin  cylindrical  column.  This  model  for  the  current  gives 
the  magnetic  field 


H 


'ZiTfi 


L(iAir) 


m\ 
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where  I  is  the  return  stroke  current  and  L  and  D  are  as  in  (2.1). 

Several  expressions  for  the  current  waveform  of  the  return  stroke 
current  have  been  proposed  and  are  in  common  usage. One  very  simple 
waveform  that  is  often  used  is  the  simple  triangular  function  shown  in 
Figure  2.5.  This  function  has  a  quick  rise  to  a  maximum  and  a  slow  decay 
which  are  the  basic  requirements  for  the  return  stroke  current  waveform. 

The  waveform  defining  the  Space  Shuttle  Lightning  Current  Waveform 
is  shown  In  Figure  2.6  and  consists  of  several  straight  lines  bounding  the 
various  parts  of  the  actual  waveform.  The  result  is  a  more  detailed  expres¬ 
sion  for  the  current  which  is  still  simple. 

Analytic  expressions  commonly  used  for  the  waveform  are  double 
and  quadruple  expoentials.  A  triple  exponential  is  also  occasionally  used, 
but  this  waveform  forces  the  current  to  jump  discontinuously.  A  typical 
double  exponential  function  is  given  by 


I(t) 


o 


IQ  *  206  ka 

a  ■  1.7  x  104  Hz 

P  =  3.5  x  10fi  llz 


(2.3) 


The  waveform  for  this  double  exponential  is  shown  in  Figure  7.7. 
A  tripLe  exponential  waveform  la 
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and  a  quadruple  exponential  function  is 


I C t)  -  I0Ce‘at-e“Bt)  +  l1(o'Yt-e‘l!;t) 


(2.5) 


where 


1Q  -  30  ka 
Ix  -  2.5  kn 

a  ►<  2  x  104  Hz 

0  *  2  x  105  Hz 

Y  -  1  X  103  Hz 

6  "  2  x  104  Hz 


The  waveform  for  the  triple  exponential  function  is  shown  in  Figure  2.8  and 
the  one  for  the  quadruple  exponential  function  Is  in  Figure  2.9.  The  double 
exponential  in  (2.3)  haa  a  maximum  current  of  206  kA  and  actually  represents 
a, "worst  case"  situation.  The  triple  and  quadruple  exponential  functions 
have  maximum  currents  of  30  kA  and  are  more  typical  of  the  average  current 
in  the  return  stroke. 

The  frequency  domain  representations  of  these  waveforms  are  in¬ 
teresting  and  are  given  in  Figures  2.10  -  2.13.  The  .last  figure  showe  the 
superposition  of  all  the  waveforms  and  Indicates  general  agreement  with  the 
overall  waveform  for  a  lightning  flash  given  in  Figures  2.3  -  2.4. 

2.1.1  .4  Attachment  of  Lightning  to  Aircraft 

In  addition  to  the  effects  of  the  near  and  far  field  RF  spectra, 
there  is  the  effect  of  the  direct  attachment  of  the  lightning  channel  to  the 
aircraft  itself.  The  process  of  lightning  attachment  is  illustrated  in 
Figure  2.14.  As  the  stepped  leader  moves  downward  from  the  base  of  the 
cloud,  streamers  propagate  toward  the  leader,  usually  fi  ora  a  sharp  point  of 
(lu*  aircraft,  and  away  from  the  aircraft  toward  another  cloud  charge  center 
or  ground.  When  the  streamers  make  contact  with  the  stepped  leader  and 
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Figure  2.14  Lightning  Attachment 


another  cloud  charge  center  or  ground,  then  a  conducting  lightning  channel 
which  Includes  the  aircraft  has  been  established*  A  return  stroke  discharge 
up  the  channel  quickly  takes  place.  There  are  two  Initial  attachments  for 
the  lightning  which  represent  the  entry  and  exit  pointB  for  the  stroke  over 
the  aircraft. 

Although  the  motion  of  the  lightning  stroke  Is  relatively  station¬ 
ary,  the  aircraft  forward  velocity  may  be  quite  significant.  The  result  of 
this  velocity  differential  is  that  the  lightning  channel  is  swept  back  over 
the  surface  of  the  aircraft  from  ita  initial  point  of  attachment  to  new 
points  of  attachment.  This  process  ia  illustrated  in  Figure  2.15.  The 
importance  of  the  swept  stroke  phenomenon  is  that  portions  of  the  aircraft 
that  would  not  normally  be  considered  likely  points  of  initial  lightning 
attachment  may  become  involved  in  the  lightning  process  as  a  result  of  the 
backward  sweep  of  the  stroke.  This  swept  stroke  phenomenon  leads  to  the 
division  of  an  aircraft  into  lightning  strike  tones  baaed  on  the  probability 
of  attachment.  These  zones  are  ($,10,11) 

Zone  1:  Aircraft  surfaces  for  which  there  ie  a  high 
probability  of  initial  lightning  attachment 
(entry  or  exit). 

Zone  2s  Aircraft  surfaces  serosa  which  there  ie  e 

high  probability  of  a  lightning  channel  being 
swept  from  a  Zone  1  attachment  point. 

Zone  3s  All  other  aircraft  surfaces  not  involved  in 
Zones  1  or  2.  There  is  a  low  probability  of 
lightning  attachment  but  the  surface  may 
carry  considerable  current. 

Zones  1  and  2  may  be  further  subdivided  into  A  end  B  regions  ($,10,11) 
depending  on  the  probability  that  the  flash  will  hang  on  for  a  period  of 
time.  These  zones  are 

Zone  lAs  Initial  attachment  with  low  probability  of 
flash  hang  on,  e.g»,  a  leading  edge 

Zone  IBs  Initial  attachment  with  high  probability  of 
flash  on,  e.g.,  a  trailing  edge 

Zone  2As  Swept  stroke  zone  with  low  probability  of 
flash  hang  on,  e.g.,  wing  mid-cord 

Zone  2Bs  Swept  stroke  zone  with  high  probability  of 
flash  hang  on,  e.g..  Inboard  trailing  edge. 

Two  examples  of  aircraft  strike  zones  are  given  in  Figure  2.16  and  Figure  2.17. 

2 . 1 . 1 .5  Lightning  Threat  Assessment 

The  threat  to  composite  aircraft  from  lightning  results  from 
either  a  direct  strike  or  a  near  miss.  Both  categories  of  lightning  threat 
will  be  discussed  separately  since  different  threat  mechanisms  are  Involved. 
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A  direct  strike  on  an  aircraft  takes  place  when  the  stepped  leader 
channel  becomes  attached  to  the  aircraft  structure.  The  aircraft  then  be** 
comes  part  of  the  path  travursad  by  the  return  stroke.  As  noted  in  Section 

2. 1.1.1  and  illustrated  in  Figure  2.2,  the  return  stroke  is  characterized  by 
very  high  currents  and  explosive  shock  waves.  Tremendous  heat  will  be 
generated  in  the  aircraft  structure  due  to  the  finite  conductivity  of  the 
structure  material.  Because  of  their  lower  conductivity  compared  to  alu¬ 
minum  and  other  metals,  structures  made  from  composites  are  more  susceptible 
to  ptyslcal  damage  (pitting  and  puncture  points)  and  even  complete  burnout 
of  the  composite  structures  of  the  aircraft.  Other  vulnerable  structures 
include  radomes,  canopies,  external  antennae  and  special  composite  panels. 
The  shock  waves  will  produce,  in  addition,  extreme  mechanical  forces  and 
shock  wave  heating  in  the  aircraft  structure. 

In  addition  to  physical  damage,  composite  structures  are  vulner¬ 
able  to  the  high  electric  and  particularly  magnetic  fields  that  are  gene¬ 
rated  from  a  near  miss  or  a  direct  strike.  Because  unprotected  composite 
structures  tend  to  offer  less  EM  shielding  than  metal  structures,  thu 
electromagnetic  fields  can  more  easily  penetrato  and  couple  to  the  internal 
aircraft  avionics.  Low  power  Integrated  clrcuito  on  modern  aircraft  are 
particularly  sensitive  to  induced  transients  of  this  type.  The  result  of 
such  coupling  can  then  be  disruption  and/or  catastrophic  failure  of  the 
aircraft  avionic  systems. 

Several  lightning  protection  methods  do  exist  for  composite  air¬ 
craft  structure?  to  contro.  the  lightning  threats  that  have  been  discussed. 
These  protection  methods  will  be  treated  in  Section  10. 0  on  protection 
Methods  and  Techniques. 

2.1.2  Precipitation  Static 

2. 1.2.1  Overview 

The  motion  of  an  aircraft  or  missile  through  the  atmosphere  will 
cause  the  vehicle  to  be  struck  with  dust,  ice  crystals,  tain  and  other 
material  particles.  Continuous  particle  bombardment  of  the  vehicle  will 
cause  charges  (positive  or  negative)  to  asperate  from  the  particles.  The 
result  is  a  net  charge  transfer  from  the  particles  to  tha  vehicle  creating  a 
possibly  large  electric  potential.  The  charging  rate  depends  primarily  on 
the  vehicle  geometry,  velocity,  and  the  nature  of  the  colliding  particles. 
Generally,  charging  is  greatest  for  smaller  vehicles  with  high  velocities 
and  for  dust  and  ice  crystals.  If  the  surface  is  sufficiently  conducting, 
the  excess  charge  will  move  to  areas  of  high  field  intensity,  usually 
trailing  edges  or  points  of  the  vehicle.  For  sufficiently  high  charging 
rates,  corona  discharge  into  the  atmosphere  will  occur.  These  discharges 
are  in  the  form  of  short  pulses  and  are  a  major  source  of  EM  noise  In 
avionic  systems.  These  pulses  can  be  modeled  with  the  waveform'^' 


Both  the  amplitude  A  and  the  decay  constant  depend  upon  the  atmospheric 
pressure  p  ,  as  a  function  of  altitude*  The  atmospheric  treasure  p  la  given 

by 


p  ■ 


760  exp  - 


h+0,002h2 
- TS - 


(2.7) 


where  h  is  in  k.ilofeet  and  p  ia  in  torrs.  The  parameters  A  and  a  in 
(2.6)  are  chosen  to  be 

=  n  ,c  '(2.8) 

A  «  7.90569  x  105  p°“25 

a  ■  2.7777  x  10‘2  p 

(2.9) 


to  give  a  good  fit  to  the  exponential  data  for  A  and  a  .  The  noise  spec¬ 
trum  is  then  given  by 


(2.10) 


where  Y  is  the  number  of  pulses  per  minute.  This  parameter  is  also  a 
function  of  atmospheric  pressure  and  good  values  of  Y  are  given  by 

Y  -  3.83767  x  103  p0,48  (2.11) 


The  noiae  spectrum  la  shown  in  Figures  2.18  -  2.19.  In  Figure  2.18,  the 
impact  of  altitude  on  the  spectrum  is  shown  for  several  altitudes.  In 
Figure  2.19,  the  noise  level  of  the  spectrum  is  shown  as  a  function  of 
discharge  curront  for  a  fixed  altitude  (sea  level). 

When  electric  charge  is  deposited  on  dielectric  media  such  as 
radoraea,  windshields,  or  structures  of  intermediate  conductivity  such  aa 
composite  structures,  the  motion  of  the  charge  is  restricted  due  to  the 
partial  or  non-conducting  characteristics  of  these  surfaces.  For  high 
enough  potentials,  streamer  discharges  will  occur  on  the  surface.  The 
current  for  a  streamer  discharge  can  be  modeled  as  a  double  exponential 
function  of  the  form  >5) 


(2.12) 
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where 


I(t)  -  Im(ao'at+be'6t^ 

I  ■  0,01  amp 
a  -  0.597 
a  -  1.67  x  1C7  iiz 
b  -  0.403 
B  -  3.47  x  106  Hz 


This  current  discharge  is  several  orders  of  magnitude  smaller  than  lightning 
discharges.  One  effect  of  such  streamer  discharges  is  that  the  EM  fields 
penetrate  the  system  and  couple  onto  the  system  avionics.  To  illustrate  the 
magnitude  of  this  effect,  the  current  induced  on  a  wire  located  Just  below 
the  streamer  has  been  calculated  for  several  streamer  lengths  using  a 
typical  coupling  factor  .  The  result b  are  shown  in  Figure  2.20. 

2 . 1 . 2 . 2  Precipitation  Static  Threat  Assessment 

The  threat  to  composite  vehicles  from  precipitation  static  results 
frca  the  broad  EM  fields  radiated  during  the  corona  or  sparking  process. 
Such  fields  are  a  major  source  of  antenna  noiae.  In  addition,  coupling  to 
avionics  can  occur  by  penetration  of  the  fields  through  composite  surfaces 
(aircraft  fuselages)  and  apertures  (joints),  such  as  radomes  or  canopleB. 

Specific  protection  methods  exist  to  minimize  precipitation  static 
and  are  discussed  in  Section  10.0  on  Protection  Methods  and  Techniques. 

2.2  Friend/Fos  Threat 

In  this  section,  the  external  man-made  electromagnetic  threats  to 
aircraft  composites  are  described  in  detail.  The  threats  considered  are 
strong  RF  sources,  nuclear  electromagnetic  pulse  and  high  energy  lasers  and 
particle-beam  weapon  systems.  A  general  description  is  given  of  the  elec¬ 
tromagnetic  field  produced  by  each  threat  followed  by  relevant  mathematical 
models  and  a  threat  assessment. 

2.2.1  RF  Threat 

In  this  section,  a  realistic  but  unclassified,  e  ctromagnetic 
environment  is  presented  which  might  be  encountered  by  a  composite  aerospace 
vehicle  in  an  operational  scenario.  This  environment  is  shown  in  Figures 
2.21  -  2.24  and  is  expressed  in  terms  of  an  RF  power  density  as  a  function 
of  frequency  from  10  kHz  to  100  GHz.  The  power  density  levels  were  computed 
assuming  malnbeam  illumination  at  a  distance  of  500  meters  from  the  radiat¬ 
ing  antenna  with  the  target  continuously  illuminated. 

2. 2. 1.1  RF  Environment ^8,9) 

The  power  density  at  a  point  R  meters  from  the  transmitting 
antenna  is  expressed  by 
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where 

Pd  ■  antenna  power  density  in  watts/m2 

Pt  -  power  transmitted  in  watts 

Gt  »  distance  from  transmitting  antenna  in  meters 
The  quantity  PtGt  is  often  referred  to  as  effective  radiated  power  and 
represents  the  antenna  power  available  for  propagation.  Converting  (2.13) 
into  logarithmic  form  with  appropriate  units  conversion  yields 

Pd  -  Pt+Gt-10  1  og ( 4 tt  R2)  (2.14) 

where 

Pd  -  antenna  power  density  in  dBm/cm^ 

Pt  ■  power  transmitted  in  dBm 

Gt  -  transmitting  antenna  gain  in  dB 

R  **  distance  from  antenna  in  centimeters 
For  a  distance  of  500  meters  (2.14)  becomes 

Pd  -  Pt-H3t"105  (2 . 15) 

The  input  data  required  for  (2.15)  are  transmitter  power  output  Pt  and. 
transmitting  antenna  gain  Gt.  From  (2.14),  the  power  density  is  Inversely 
proportional  to  the  square  of  the  distance  from  the  source.  Doubling  the 
distance  from  antenna  to  target  results  in  a  6  dB  decraasa  in  power  density 
regardless  of  whether  the  target  is  illuminated  by  the  malnbeau,  sidelobes 
or  hacklobe  of  the  antenna  pattern. 

The  transmitter  power  output  data  was  obtained  from  various  manu¬ 
facturer's  published  specifications  of  commercially  available  power  tubes. 

Several  types  of  tubes  were  considered  and  include  powor  triodes, 
pentodes,  traveling  wave  tubes,  crossed  field  amplifiers,  klystrons,  magne¬ 
trons  and  gyrotrons.  Antenna  gains  were  selected  based  on  typical  equipment 
cheract eristics  in  the  frequency  range  of  interest. 

In  the  VLF  (3-30  kHz)  and  LF  (30-300  kHz)  portions  of  the  spectrum 
relatively  2ew  emitters  are  operational,  the  moet  prominent  being  the  Omega 
Radio  Navigation  stations.  Power  density  calculated  based  on  these  emitters 
assumed  a  transmitter  output  power  of  150  kW  operating  into  a  3X  efficient 
antenna  system.  The  MF  (300-3000  kHz)  portion  of  the  EM  spectrum  is  dedi¬ 
cated  primarily  to  commercial  radio  broadcasting.  Power  densities  shown  In 
Figure  2.21  are  based  on  an  available  transmitter  output  power  of  250  kW  and 
an  antenna  gain  of  3  dB. 

The  HF  (3-30  MHz)  communications  band  is  used  mostly  2 or  medium 
and  long  range  communications.  Power  density  levels  in  this  frequency  range 
were  obtained  using  a  nominal  50  kW  PEP  transmitter  output  power  and  antenna 
gaina  ranging  from  5  to  12  dB.  It  is  possible  to  achieve  transmitter  output 
power  of  about  250  kW  PEP  in  this  frequency  range  but  stations  this  large 
are  quite  few. 
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In  the  30-50  MHz  public  Bervice  band  (U.S.  allocation)  the  power 
density  levels  were  obtained  using  50  watt  transmitters  operating  into  a 
collinear  antenna  array  having  a  gain  of  approximately  3  dB. 

Power  densities  in  the  VHF  TV  band  were  based  on  the  maximum  per¬ 
missible  ERP  levels  allowed  by  the  U.S.  Federal  Communications  Commission. 

Above  about  200  MHz  output  tube  powers  were  obtained  from  manu¬ 
facturer's  published  data  contained  in  commercial  catalogs  and  data  sheets. 
(8)  The  antenna  gain  data  In  the  225-400  MHs  range  was  based  on  various 
dipole  array  configurations.  Above  400  MHz.  truncated  parabolic  dishes  with 
a  (casecant)^  vertical  pattern  and  a  narrow  horizontal  beomwidth  (for  beam 
antenna)  or  full  parabolic  dishes  (pencil  beam  antenna)  were  used. 

Radar  systems  usually  employ  a  form  uf  pulse  modulation.  Thus  the 
output  tubes  need  not  be  able  to  operate  at  fu'.l  power  output  continuously 
(CW)  but  rather  they  are  turned  ON  and  OFF  intermittently  (pulsed).  The 
0N/0FF  ration  Is, referred  to  an  the  duty  cycle.  In  those  cases  where  the 
nominal  tube  data  specified  duty  cycle  limitation,  both  the  peak  and  average 
power  levels  were  recorded.  These  are  shown  as  double  power  density  lines 
for  given  frequency  ranges  on  the  graphs  of  Figures  2.22-2.23.  The  higher 
power  density  value  la  the  peak  power  density;  the  lower  line  is  the  average 
power  density.  If  no  duty  cycle  limitations  ware  specified ,  it  was  assumed 
that  it  could  be  operated  continuously  (CW);  i.e.,  the  peak  and  average 
power  outputs  are  the  same. 

These  are  the  types  of  tubes  most  commonly  employed  in  communica¬ 
tions  systems.  The  average  power  levels  are  useful  in  determining  component 
heating  produced  by  the  absorbed  RF  energy.  The  effects  of  average  power  on 
components  are  usually  frequency  Independent  and  will  result  in  thermal 
damage  or  burnout.  Pulsed  RF  fields  usually  cause  induced  signals  in 
electronic  circuits  and/or  components.  Knowledge  of  the  peak  power  levels 
to  which  these  circuits/components  have  been  exposed  aids  in  estimating  the 
voltage  spikes  induced.  These  spikes  may  cause  erroneous  signal  levels  in 
analog  processing  circuits;  e.g.,  if  they  are  sufficient  to  affect  a  fast 
acting  AGC  circuit,  bit  errors  In  digital  circuits  may  occur  or,  if  the 
Induced  spikes  are  large  enough,  component  damage  due  to  short  duration 
voltage  or  current  overload  is  possible. 

In  general,  communications  or  navigation  system  antennas  are 
either  omnidirectional,  fixed  installation  arrays,  or  fixed  orientation 
parabolic  dishes  which  have  a  fixed  area  of  coverage.  If  an  aircraft  is 
flying  a  radial  course  toward  or  away  from  one  of  these  antennas  it  would 
remain  under  continuous  illumination  from  the  mainlobe  if  the  craft  is  in 
the  malnbeam  pattern  or  the  sidelobe/backlobe  if  outside  of  the  mainbeam 
pattern. 


Radar  antennas  are  usually  designed  to  scan  a  volume  in  space. 
Fan  beam  antennas  are  usually  scanned  in  azimuth  only  whereas  pencil  beam 
antennas  are  usually  scanned  in  both  azimuth  and  elevation.  When  used  for  a 
search  function,  pencil  beam  antennas  may  be  trained  on  a  target  during 
tracking  operation.  If  an  antenna  is  in  motion  a  target  may  be  illuminated 
only  a  short  time  during  each  antenna  scan  cycle.  In  the  case  of  simple 
fixed  elevation,  360°  azimuth  rotation,  the  time  a  given  target  will  be 
illuminated  for  each  full  azimuth  scan  —  termed  dwell  time  —  is  given 
by 
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T  -  _  ___  B _ 

rTsC^N"RnE5  (2.16) 

where 

Td  -  dwell  time  In  second* 

B  ■  antenna  beamwidth  In  degrees 
SCAN  RATE  -  antenna  rotation  rate  in  revolutions 
per  minute  (RPM) 

Typical  search  radar  antenna  scan  rates  vary  from  1  to  12  RPM.  The  antenna 
beamwidths  may  range  from  1.5  to  3°.  Using  these  Independent  variable 
ranges,  dwell  times  from  20  to  500  ms  may  be  considered  typical.  In  the  case 
of  sector  scanning  antennas  —  either  horlsontal  or  vertical  scan  —  similar 
relationships  can  be  developed. 

The  power  density  levels  of  Figures  2.22  and  2.23  were  calculated 
assuming  mainbeam  illumination.  This  is  true  when  the  antenna  is  omnidirec¬ 
tional  or  when  a  target  is  bslng  tracked  by  a  high  gain  antenna.  Intermit¬ 
tent  mainbeam  illumination  defined  by  (2.16)  will  occur  when  the  target  is 
scanned  by  a  search  radar.  In  fixad  installations  such  as  lauding  fields 
and  carrier  decks  the  radar  antennas  ara  usually  mounted  so  that  the  air¬ 
craft  parking  areas,  taxiwsys,  and  runways  will  not  be  illuminated  by  the 
mainbeam.  In  these  cases,  the  aircraft  will  be  subjected  to  sldelobe  and 
backloba  radiation.  For  EMI  prediction,  it  ie  necessary  to  specify  antenna 
characteristics  in  the  unintentional  off-axis  radiation  region. 

A  directional  antenna  has,  in  addition  to  a  mainbeam  or  major  lobe 
of  radiation,  several  smaller  lobes  about  the  major  lobe  known  as  minor 
lobes  of  the  pattern.  In  general,  an  antenna  pattern  may  be  subdivided  into 
a  mainbeam  region,  a  major  sldelobe  region  and  a  side-  and  backlobe  region. 
The  mainbeam  region  is  the  10  dB  beamwidth  of  the  major  lobe  of  radiation. 
The  major  sldelobe  region  extends  to  +4  times  the  10  dB  beamwidth  of  the 
major  lobe  of  radiation  for  high  gain  antennas  (G>25  dB).  For  medium  gain 
antennas  (10  dB<G<25  dB) ,  the  main  sldelobe  region  extends  to  only  +  one 
beamwidth  (10  dB).  Side-  and  backlobe  regions  extend  over  the  remainder  Of 
the  pattern. 

The  sldelobe  gain  in  the  major  sldelobe  region  of  an  antenna  will 
vary  depending  primarily  on  two  factors:  (1)  the  nature  of  the  physical 
surroundings  of  the  site  on  which  the  antenna  is  located  and  (2)  the  main- 
beam  gain  of  the  antenna.  As  a  general  rule  the  approximate  sldelobe  gain 
of  an  antenna  may  be  determined  from  the  information  in  Table  2.2.  Thus, 
the  more  crowded  the  site,  i.e.,  more  electromagnetic  reflecting  objects  and 
the  highe-  the  gain  of  the  transmit  antenna,  the  higher  the  sldelobe  levels. 
Therefore  the  power  density  levels  incident  on  objects  outside  the  antenna 
mainbeam  could  be  anywhere  from  3  dB  to  50  dB  below  the  mainbeam  gains  usad 
to  perform  the  computations  required  for  Figures  2.22  and  2.23. 

2. 2. 1.2  RF  Threat  Asseaiment 


The  primary  RF  threat  to  composite  aircraft  will  come  from  high 
powered  radar  systems,  particularly  for  aircraft  in  low  level  flight. 
Average  power  levels  primarily  result  in  local  heating  effects  and  are 
fairly  insensitive  to  frequency.  Peak  power  bursts  can  be  much  higher  in 
magnitude  and  consequently  be  a  threat  to  devices  in  avionic  systems  that 
are  peak  power  sensitive. 
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2.2.2 


EMP  Threat 


The  explosion  of  nuclear  weapons  in  the  atmosphere  represents  a 
serious  elect rcnagnotic  threat  to  composite  aircraft,  A  nuclear  explosion 
produces  an  EM  pulse  (EMP)  as  well  as  higher  frequency  components  in  the 
visible«  x-ray  and  gamma  ray  regions  of  the  spectrum*  Only  the  lower 
frequency  EMP  will  be  discussed  since  this  threat  is  well  known. 

2. 2. 2.1  Overview^) 

The  EM  pulse  is  assumed  to  arise  from  a  high  altitude  air  burst  of 
the  kind  commonly  discussed  in  unclassified  literature.  The  electric  field 
from  such  a  pulse  can  be  modeled  by  a  double  exponential  waveform  which,  in 
the  time  domain,  has  the  functional  form 


E(t)  -  E0(o'ot-e‘9t) 

where 


(2.17) 


Eq  ■  58.15  kV/m 
■  6.3  MHi 
-  189  MHc 

50  kV/m;  a  riae  to  paak  time  of  0.019 
amplitude  of  0.185  microseconds.  The 
by 


(2.18) 

space  impedance.  The  EMP  waveform  is 
shown  in  Figure  2.25.  This  waveform  is  slmllsr  in  sppesrence  to  the  double 
exponential  waveform  for  lightning  in  Section  2. 1.1. 3  hut  the  time  scale  for 
EMP  is  100  times  smaller.  This  difference  in  the  time  scales  of  the  two 
threats  serves  to  distinguish  their  impacts  on  a  given  aircraft.  Because  of 
the  time  Beale  difference,  there  are  different  frequency  components  In 
nuclear  EMP  than  in  lightning. 

The  frequency  domain  representation  of  (2.18)  is  the  Fourier 
Transform  given  by 


This  waveform  has  a  maximum  value  of 
microseconds  and  a  time  to  half  peek 
magnetic  field  is  assumed  to  be  given 


E 


where 


377  ohms  end  is  the  free 


B(t) 


B0C6-a) 


(2.19) 


where  f  is  the  frequency.  This  frequency  domain  representation  of  the  EMP 
threat  is  shown  in  Figure  2.26.  A  comparison  to  the  lightning  spectrum  in 
Section  2.1. 1.3  indicates  that  EMP  has  a  larger  number  of  high  frequency 
components  than  does  lightning. 
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2. 2. 2. 2  EMP  Threat  Assessment 


The  EMP  threat  to  compos ita  aircraft  la  primarily  EM  field  pene¬ 
tration  through  composite  structures  and  is  similar  in  many  ways  to  the 
lightning  threats  The  EMP  spectrum  shown  in  Figure  2 .26  shows  the  existence 
of  many  more  high  frequency  components  than  in  the  lightning  spectrum  (see 
Figure  2.12).  Thus  EMP  amplitudes  will  tend  to  be  higher  than  lightning 
amplitudes  for  a  given  common  frequency. 

2.2.3  High  Energy  Laser,  Nuclear  Thermal  Radiation 

and  Particle  Beam  Threat^; 

Future  electromagnetic  environments  will  probably  Include  laser 
and  particle  beam  weapons.  These  devices  are  presently  the  subject  of 
intensive  classified  research  And  development  so  only  a  very  general  over¬ 
view  will  be  given  here. 

A  primary  candidate  for  laser  weapon  Bystems  is  the  deuterium 
floride  laser  which  operates  at  3.8  and  is  capable  of  several  hundred  kW 
(about  500  kW)  CW  operation.  Another  prime  candidate  is  the  CO2  laoer 
which  operates  at  10.6  with  an  output  power  of  50  -  135  kW .  Other 
chemical  lasers  are  being  examined  such  as  the  Excimer  laser  which  operates 
in  the  V  region  (0.25  -  0.25  )  and  the  Froe  Electron  lastar  tunable  in  the 

vicinity  of  3. A  at  several  kW.  There  are  two  primary  limitations  on  these 
laser  devices: 

1.  Thermal  blooming  which  is  air  heating  in  the  beam  that  reduces 
the  energy  density  on  the  target.  The  result  is  an  increase  in  diffraction 
which  defocuses  the  beam. 

2.  Aerosol  breakdown  which  is  the  ionisation  of  particulate 
matter  in  the  air.  A  plasma  is  formed  that  expands  until  the  entire  beam  is 
blocked.  This  affect  occurs  at  power  densities  of  approximately  10  MW/cnr. 

Particle  beam  weapon  systems  are  currently  being  developed  by  the 
U.S.  and  U.S.S.R.  It.  is  expected  that  the  effective  ranges  of  these  weapons 
will  be 

1.  Up  to  300  metera  -  single  pulse 

2.  4  to  5  km  -  continuous  low  PRF 

3.  Greater  than  10  km  -  continuous  pulse  propagation 

The  expected  effects  on  the  intended  target  are 

1.  Detonation  of  tha  high  explosive  charge  in 
the  nuclear  warhead  carried  by  the  target 

2.  Disruption  of  guidance/control/ fusing 
electronics  of  the  target 

3.  Reduction  or  voiding  of  the  yield  of  the 
nuclear  warhead  carried  by  the  target. 

Energy  levels  on  the  order  of  100  -  125  joules/gram  are  required  to  cause 
destruction  or  slumping  of  nuclear  materials,  while  210  joules/gram  are 
required  to  melt  lead. 
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The  response  of  composite  structures  to  thermal  pulse  heating  from 
a  laser,  nuclear  thermal  radiation  or  a  particle  beam  weapon  varies  from 
surface  damage  to  buckling,  plastic  deformation  of  the  epoxy  or  complete 
burn-through  with  fiber  vaporisation.  This  results  from  the  generally  (3) 
low  thermal  conductivity,  high  absorbtivity ,  low  epoxy  combustion  tempera¬ 
ture  and  high  fiber  vaporization  temperature  of  the  composite.  Figure  2.27 
illustrates  the  backside  temperature  of  a  graphite/epoxy  substrate  as  a 
function  of  substrate  thickness  for  several  energy  fluenc.e  rates.  Drastic 
strength  loss  results  when  steady  temperatures  reach  400  degrees  F. 

A  summary  of  the  respo.mu  of  a  section  of  graphite/epoxy  composite 
to  irradiation  by  a  CW  laser  is  shown  in  Table  2.3.  The  composite  charac¬ 
teristics  most  important  in  determining  laser  damage  are  laminate  lag-up 

sequence  and  preload  stress  factor.  Figure  2.28  illustrates  the  laser 

energy  density  necessary  to  produce  a  given  level  of  stress  in  various 

composite  and  metal  samples  for  two  kinds  of  failure  modes.  The  energy 

density  necessary  to  cause  heat-related  failure  is  much  smaller  than  the 
energy  density  necessary  to  produce  burn-through  failure. 

Several  methods  exist  for  protection  of  composite  aircraft  from 
thermal  radiation  threats.  These  methods  are  discussed  in  Section  10.0  on 
Protection  Methods  and  Techniques. 


Table  2.3  Effect  of  Variable  on  CW  Laser  Response 
of  Graphite/epoxy(3) 

Effect  of  Variables  on  CW  Laser  Response  of  Graphite/Epoxy 


Laiar/targat 

variable 

Effect  of  laser  damag* 

Burn-through  mod#0 

La. 

Flood  loading  mode 

Lay-up  sequence 

No  affect 

Damage  significantly  greater  when  03 
load-carrying  ply  directly  irradiated 

llttl#  effect  balow  that  stress  level 
causing  failure  during  leser  irradiation 

Damage  increases  with  decreasing  energy 
fluence  and  Increasing  preload  stress 

Airflow  velocity 

No  effect  on  penetration  rate 

High  airflow  velocity  reduces  structural 

damage 

High  airflow  velocity  reduces  structural 
damage 

Baam  aria 

Beam  areas  <4  cm^  require  higher 
energy  levels  for  penetration 

None 

Liminatn  thlcknass 

None 

Very  little 

I222Q2S2Z3MI 

None 

None 

EBEHHH 

Unknown,  ell  date  at  10,8  nm 

Unknown,  all  data  at  10.8  pm 

'High  flux,  small  arai  Irradiation 
btow  flux,  larga  area  Irradiation 


2-29 


4&ua3*3rf  'SS30JLS  WOlrW  SSM9 


E 

g  200 

ir 

1 


100 


Entrjy 
Hut  nr,* 


2  tHl  Whitt  Kelyurtthtnt  totting 
i  «tf.  4,14  Ttlt  Dtt< 


ff - sk - 4o~ - «b - "fo - i tar 

0/E  SUBSTRATE  THICKNESS  (HILS) 


rigut*  2,37  Uok-ttCt  t*ap*ratur«  u(  irapklto/apofty 

Mbattato  lor  itvtrtl  thtntol  pul**  flu* to*  lovolt11 


fl|un  2,31  u*or  «r»*ny  dtnilty  noetiiory  to  produot  * 
l*v*l  of  *tr*«*  for  two  Ctllur*  oo<i**(J) 


2-30 


2.3 


References 


1.  Ulman,  M.A. ,  Lightning,  McGraw-Hill,  1969. 

2.  Strawe,  D.,  Lightning  Source  Model  Development,  Lightning  Workshop, 
NOSC,  San  Diego,  California,  1978. 

3 .  S t r awe ,  e t. .  a  1 . ,  Investigation  of  Effects  of  Electromagnetic  Energy 

on  Advanced  Composite  Aircraft  Structures  and  their  Associated  Avionic/ 
Electrical  Equipment,  Phase  II,  Volume  1,  The  Boeing  Company,  1977. 

4.  J.  Allen,  et.  al»,  A  Technology  Plan  for  Electromagnetic  Character¬ 
istics  of  Advanced  Composites,  RADC-TR-7C'-206,  July  1976. 

5.  Wallenberg,  et.  al.,  Advanced  Composite  Aircraft  Electromagnetic  Design 
and  Syntheais ,  Interim  Report,  Syracuse  Research  Corp.,  April  1980. 

6*  Notebook  on  Electrical  Properties  of  Composites  for  Frequenciea  Above 
1  GHz,  Atlantic  Research  Corp. ,  April  1$79. 

7 .  Oh ,  L  .  L . ,  Measured  and  Calculated  Spectral  Amplitude  Distribution  of 
Lightning,  IEEE  Trans.  EMC,  November  1969. 

8.  Output  Tube  Data  Sources  (Catalogs):  Hughes  (Electron  Dynamics  Div); 
Thompson-CSF;  Varian  (Palo  Alto  Tube  Division)  ;  Haweuaki;  Nippon 
Electric  Corp.  (MEC) ;  English  Electric  Valve  Co.  (EEV),  Litton  Indus¬ 
tries  j  Continental  Electronics  Corp. 

9.  Transmitting  Antenna  Data  Sources  are  based  on  general  antenna  charac¬ 
teristics  sot  forth  in:  (1)  Antenna  Engineering  Handbook,  (Jasik); 

(2)  Reference  Dpt a  for  Radio  Engineers,  4th  Edlti o  i :,  (ITT  Hand  book ) ; 

(3)  ARRL  Antenna  Book,  13th  Edition  (1977);  (4)  Antennas ,  Blake,  John 
Wiley  &  Sons,  1966;  (5)  A  Handbook  Series  on  Electromagnetic  Interfer¬ 
ence  and  Compatibility,  Vol.  5;  (6)  Interference  Notebook,  RADC-TR-66-1 
June  19(>6'. 

10.  J.  Phillpott,  Recommended  Practice  for  Lightning  Simulation  and  Testing 
Technique  for  Aircraft,  Culham  Laboratory  Report  CLM-RH3,  Abingdon 
Oxfordshire  England,  (1977). 

11.  Schneider,  Kendricks  and  Oleon,  Vulnerability,  Survivability  of  Compos¬ 
ite  Structures  -  Lightning  Strike,  AFFDL-TR-7/-127  Vol.  1  (1978). 


3.0  COMPOSITION,  FABRICATION  AND  MECHANICAL  PROPERTIES 

OF  COMPOSITE  MATERIALS 

In  the  first  two  parts  of  this  section,  a  general  description 
Is  given  of  the  composition  and  fabrication  processes  of  graphite,  boron  and 
Kevlar  composite  materials.  The  various  fiber  and  matrix  materials  for 
fiber-reinforced  materials  are  discussed  as  well  as  the  processes  by  which 
they  are  manufactured. 

Several  procedures  In  the  fabrication  process  of  composites  are 
discussed.  The  discussion  begins  with  paper  tapes  and  broad  goods,  contin¬ 
ues  with  layup  procedures  and  ends  with  an  overview  of  the  different  kinds 
of  fabrication  procedures  used  to  cure  the  composites. 

Mechanical  properties  are  presented  in  a  series  of  graphs  for  the 
fibers,  unidirectional  laminates,  crossplied  laminates  and  hybrid  compos¬ 
ites.  A  brief  summary  is  given  of  composite  fatigue  data  and  environmental 
effects  on  composites. 

3 . 1  Composition  of  Composite  Materials 

The  term  "composite  materials,"  In  principle,  may  be  applied  to 
any  material  substance  composed  of  heterogeneous  parts  with  distinct  inter¬ 
faces  between  the  parts.  For  the  purposes  of  this  handbook,  the  term  "com¬ 
posite  material"  will  mean  fiber-reinforced  materials  containing  high 
performance  fibers  and  suitable  proportions  of  a  bonding  or  matrix  material 
in  order  to  obtain  material  properties  comparable  or  superior  to  metals  and 
fiberg  lass. (1) 

The  composite  fibers  determine  the  overall  material  strength  and 
stiffness  characteristics  while  the  composite  matrix  determines  the  trans¬ 
verse  mechanical  properties  (those  normal  to  the  fibers),  interlaminar  shear 
characteristics  and  service  operating  temperatures. goth  fiber  and 
matrix  are  equally  important  in  determining  the  overall  performance  charac¬ 
teristics  of  composite  materials.  A  typical  fiber-reinforced  composite 
material  schematic  is  shown  in  Figure  3.1. 

3.1.1  Fibers 


A  number  of  different  fibers  are  available  commercially  for  use 
In  composite  materials.  The  most  commonly  used  fibers  are  graphite,  boron, 
aramid  (Kevlar),  glass,  aluminum  and  silicon  carbide.  Only  the  first  three 
fibers  are  treated  in  this  handbook.  A  general  list  of  fiber  types  and 
vendors  is  given  in  Table  3.1. 

3.1.1. 1  Graphite  Fiber 

Most  of  the  commercially  used  graphite  fiber  is  produced  by  pyro- 
lyzing  precursor  polyacrylonitrile  (PAN)  fibers  under  tension  in  furnaces 
operating  between  250°-3000°C*^*^'  Typically  the  PAN  fiber  is 
pulled  through  an  initial  heating  stage  of  250°C-400°C  where  it  is 
oxidized  to  a  stable  state.  The  fiber  is  then  pyrolized  a*  ^igh  temperature 
varying  between  1000°C  -  3000°C  depending  on  the  amount  graphitiza- 
tlon  required.  Both  the  mechanical  and  electrical  properties  or  the  result¬ 
ing  graphite  fibers  depend  on  the  degree  of  graphite  crystal  structure  in 
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the  fiber  and  the  degree  of  crystal  orientation  along  the  fiber  axes. (2) 
Both  of  these  quantities  depend  on  the  fiber  tension  and  temperature  used  in 
the  graphitization  process.  A  diagram  of  the  PAN  fiber  conversion  process 
is  given  in  Figure  3.2. 

Graphite  fiber  can  also  be  made  by  heating  and  crystallizing 
pitch. (1*2)  Such  pitch  fiber  has  considerably  lower  strength  than  PAN 
fiber.  However,  pitch  fiber  process  is  quicker,  cheaper  to  manufacture, 
while  the  high  fiber  stiffness  would  allow  its  use  in  automotive  compos¬ 
ites.^) 


Once  the  graphite  fibers  are  produced,  approximately  10,000  of  the 
individual  fibers  are  wound  together  to  produce  a  larger  braid  called  a  tow 
(shown  in  Figure  3.3).  The  tows  are  then  combined  with  the  matrix  material 

to  form  the  composite.^) 

3. 1.1. 2  Boron  Fiber 


The  production  of  boron  fibers  is  based  on  a  cl;  ami  cal  vapor 
deposition  process. ' * )  The  precursor  fiber  is  tungsten  wire  preheated 
to  1200°c  to  clean  the  wire  surface.  Boron  is  then  deposited  on  the 
tungsten  wire  by  passing  the  wire  through  a  heated  atmosphere  of  boron 
trichloride  vapor  and  hydrogen  gas.  Various  boron-tungBten  compounds  are 
formed  in  the  process.  The  final  boron  fiber  consists  of  an  inner  core  of 
unconverted  tungsten  surrounded  by  a  sheath  of  boron  and  boron-tungsten 
compounds.'^)  Some  attempts  have  been  made  to  use  carbon  substrates  to 
replace  the  tgungsten  wire,  but  fiber  properties  are  poorer. (1)  The  boron 
fiber  manufacturing  process  and  a  cross  section  of  a  boron  fiber  are  shown 
in  Figure  3.4.  The  overall  boron  fiber  manufacturing  process  is  quite 
expensive.'1*2) 


3 . 1 . 1 . 3  Aramid  (Kelvar)  Fiber 

Keylar  aramid  fiber  is  produced  from  long  chain  organic  polyimide 
polymers  .'*>*)  The  polymer  is  drawn  into  a  fiber  under  appropriate 
tension  and  temperature  using  standard  textile  processes.  The  fiber  has  low 
density,  high  tensile  strength,  low  coat  but  poor  compressive  properties. 
The  fiber  is  then  woven  into  fabrics  or,  less  frequently,  used  in  tapes. '*) 

3.1.2  Matrix  Materials 


The  most  commonly  used  matrix  materials  are  epoxy  resin  tapes  and 
chopped  fiber-filled  thermoplastic  injection  molding  compounds  .'  1  »2  ) 
Other  non-raetallic  matrices  such  as  polyimide,  thermoplastics,  polyester  and 
vinyl  ester  compounds,  are  under  development.  The  most  common  metallic 
matrices  are  aluminum  alloys.'1)  Choice  of  a  particular  matrix  depends  on 
the  composite  properties  desired  and  the  service  temperature  likely  to  be 
encountered. 

The  epoxy  resinB  most  often  used  are  the  diglycidyl  ether  of 
biaphenol  A  and  its  dimers,  the  tetraglycidyl  ether  of  tetraphenolethane . 
tetraglycidylmethyldianiline,  and  the  epoxies  derived  from  novolacs.^2) 
The  curing  temperatures  are  typically  350°F  or  260°F  for  military  or 
commercial  aircraft  and  other  high  performance  applications.'11 
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Graphite/polyimide  materials  are  being  developed  for  applications 
on  missile  and  engine  components  which  permit  an  operating  temperature 
beyond  that  offered  by  graphite/epoxy  (350°F).  Current  operating  tempera¬ 
ture  limitations  are  about  600°F.^)  These  matrices,  however,  require 
expensive  nigh  pressure  curing  processes  (up  to  200  psi).  A  summary  of 
matrix  characteristics  is  given  in  Table  3.2. 


3  .2  Fabrication  of  Composite  Materials 

This  section  presents  a  review  of  the  various  fabrication  pro¬ 
cesses  that  are  used  to  transform  a  fiber  and  matrix  info  a  composite 
material. w  The  fibers  are  first  fabricated  into  tapes  or  broad  goods 
when  they  may  be  laid  up  in  a  croesplied  laminate  structure  of  the  proper 
shape.  The  layup  is  then  cured  by  a  high  temperature  and/or  high  pressure 
process.  The  total  fabrication  process  has  a  very  large  impact  upon  mate¬ 
rial  properties  and  total  cost  of  composite  materials. 

3*2.1  Tape  (Prepreg)  and  Broad  Goods  Fabrication 

As  a  first  step  in  the  manufacture  of  composites,  a  set  of  tapes 
may  be  prepared  that  contain  collimated  fibers  (or  tows)  preimpregnated  with 
binding  resin.  Such  tapes  are  called  prspregs.(l)  Alternatively,  a  broad 
sheet  of  material  may  be  prepared  as  a  woven  fabric  if  it  1b  necessary  to 
produce  parts  that  are  difficult  to  lay  up  from  tape,  e.g,  flanged  rings.'*' 
The  cast  of  such  broed  goods  is  higher  than  tape(l)  and  is  justifiable 
only  by  lower  labor  costs  or  by  being  able  to  make  the  part  at  all.  A 
schematic  illustrating  the  prepreg  and  broad  good  position  in  the  total 
fabrication  process  is  shown  In  Figure  3.5. 

3.2.2  Layup  Process 

The  prepreg  or  broad  goods  usually  must  be  laid  in  a  part  mold  or 
on  a  tool.**'  The  original  process  involved  manual  layups.  Such  a  process 
is  extremely  costly  because  it  is  very  labor  intensive.  More  recent  ap¬ 
proaches  have  stressed  automated  tape  layup  procedures. **' 


A  basic  decision  that  must  be  made  at  this  point  Is  which  tape 
layup  method  is  to  be  used.  One  method,  the  ply-on-ply  layup  system, **' 
is  a  single  step  process  in  which  the  plies  are  laid  on  top  of  each  other  to 
form  a  simple  shape.  A  drawback  is  that  inspection  of  the  total  layup  is 
difficult  and  repair  of  defects  very  costly.**'  A  solution  to  this  problem 
is  provided  by  another  method  the  ply-on-film  process,**'  however  a  second 
operation  is  needed  to  stack  the  plies  on  the  tool. 


The  individual  plies  may  be  laid  up  in  a  variety  of  styles  de¬ 
pending  on  the  desired  properties  and  shape  of  the  part  being  manufactured. 
A  symmetric  balanced  layup  is  shown  in  Figure  3.6. 

3.2.3  Laminate  Orientation  Code 


Because  of  the  numerous  multi-ply  laminates  that  are  possible  for 
composites  with  tailored  or  "engineered"  properties,  some  systematic  method 
is  required  for  describing  the  orientations  of  the  fibers  in  a  general 
composite  laminate  structure. 


<0 
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The  most  cannon  procedure  defines  a  laminate  structure  by  specify** 
ing  the  orientation  angles  (in  degrees)  of  the  various  lamina  with  respect 
to  a  reference  direction  (which  is  arbitrary).  The  orientation  angle  of 
lamina  with  fibers  parallel  to  the  orientation  direction  is  0°.  Other 
orientation  angles  (including  negative  angles)  are  specified  similarly.  The 
complete  set  of  periodic  lamina  angles  are  listed  in  stacking  order,  sepa¬ 
rated  by  slashes  (or  commas),  with  the  complete  set  enclosed  within  brack¬ 
ets.  For  example,  the  orientation  code  for  the  layup  shown  in  Figure  3.6 
is 

( 0°/— 45°/ 90°/ 45°/0°/00/A50/ 90°/ —4  5°/0°) 

A  simplification  is  commonly  made  for  orientation  codes  of  this 
type.  The  center  0°  laminates  act  ae  a  mirror  for  the  other  lamina. 
Consequently,  the  code  can  be  simplified  to 

(0°/-45o/90o/45o/0°)s 

where  the  "s"  indice tee  a  minor  reflection  at  the  rlght-handod  0°  laminate 
Is  required  for  the  remaining  laminate  structure. 

Another  common  coda (3)  lists  all  the  laminate  orientation  angles 
as  before  but  not  in  stacking  order.  Again,  referring  to  Figure  3.6,  this 
orientation  code  would  be 


(04/+452/902) 

indicating  four  0°  plies,  four  +45°  plies  (two  of  each  Blgn)  and  two 
90°  plies.  In  using  ply  orientation  codas,  care  is  required  to  determine 
if  ply  stacking  order  is  considered. 


3.2.4  Composite  Fabrication  Processes 

In  this  section  a  brief  description  is  given  of  the  major  manu¬ 
facturing  processes  that  are  used  for  making  caimosite  materials.  The 

processes  are  of  two  kinds!  direct  and  indirect. In  direct  processes, 

the  fiber  is  combined  with  the  matrix  and  the  composite  formed  in  one 

process.  The  advantages  to  this  method  are  that  the  method  la  simple  and 

cost-effective.  A  disadvantage  is  that  the  types  of  geometric  shapes  that 
can  be  fabricated  are  usually  restricted.  Indirect  processes  first  combine 
the  matrix  and  fiber  in  a  separate  intermediate  stage.  The  stage  is  then 
finished  in  a  second  procedure.  More  general  shapes  are  possible  with 
Indirect  processes  but  the  total  processing  time  Is  slow  and  costly. 
Examples  of  both  procedures  will  be  discussed  in  this  section. 


3.2.4. 1  Filament  Winding 

Filament  winding  is  a  high-speed  process  wherein  fibers  or  tapes 
are  wound  onto  a  rotating  mandrel  with  a  certain  tension  and  at  carefully 
controlled  angles. »2)  It  is  an  important  direct  process  for  manufactur¬ 
ing  composite  tubes,  motor  cases  and  pressure  vessels. 


V"".; 
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3. 2. 4. 2  Pultrusion 


This  indirect  process  consists  of  pulling  a  bundle  of  fibers 
through  a  resin  bath  and  then  through  a  hot  die  to  form  the  part  shape  and 
cure  the  composite*  Pultrusion  is  a  low-cost  method  for  producing  straight 
or  slightly  curved  shapes  with  constant  cross-section. d »2) 

3*2. 4. 3  Braiding 

In  the  braiding  process,  a  mandrel  is  fed  through  the  center  of 
the  machine  at  a  fixed  rate  while  fibers  wind  around  the  mandrel  at  a 
controlled  angle.  The  machine  works  like  a  maypole  and  the  process  applies 
to  channel  sections  and  webs.'1) 

3. 2. 4. 4  Injection  Molding 

This  high-volume  direct  process  involves  softening  a  plastic 
material  (with  fibers  or  fillers)  by  heat,  forcing  the  material  into  a  mold 
under  high  pressure,  cooling  the  material  and  then  ejecting  the  pert  from 
the  mold.  The  process  is  vsry  fast,  inexpensive  and  applicable  to  many 
different  kinds  of  composite  parts. v1#*) 

3. 2. 4. 5  Compression  Molding 

In  this  indirect  process,  the  intermediate  materiel  is  pressed 
Into  the  final  shape  in  the  mold.  The  mold  le  then  heated  to  the  cure 
temperature  to  bring  about  a  permanent  "sat"  of  the  material. (1)  Curing 
time  is  typically  2  to  3  minutes. 

3.2. 4. 6  Thermal  Expansion  Molding 

Prepreg  layers  are  wrapped  around  blocks  of  rubber  and  the  blocks 
placed  in  a  metal  cavity.  A  high  temperatures,  the  blocks  expend  more  than 
the  metal  restraining  cavity  resulting  in  high  curing  pressures.  This 
method  eliminates  the  need  for  a  separate  autoclave.'1) 

3. 2. 4. 7  Vacuum  -  Bag  Molding 

In  this  method,  the  prepregs  are  laid  onto  a  mold  one  ply  at  a 
time.  The  prepregs  are  then  "sucked"  against  the  mold  by  evacuation  of  a 
plastic  bag  around  the  mold.  A  bleeder  system  is  used  to  remove  excess 
resin  end  maintain  the  correct  fiber-volume  ration  for  the  composite.  The 
bagged  mold  is  then  cured  in  an  autoclave  under  full  vacuum.  The  cycle  is 
quite  slow  and  la  usually  restricted  to  low-volume  applications  or  long 
cure-time  composites.'1 *2) 


3. 2. 4. 8  Autoclave  Molding 

This  process  Is  similar  to  the  vacuum-bag  process  except  that 
greater  pressures  are  applied  to  the  layup  and  denser  parts  are  produced. i1' 

3 .2 .4 . 9  Honeycomb  Sandwich  Fabrication 

Two  methods  exist  for  bonding  composite  to  core  materials  in 
making  sandwich  structures.  The  first  process  involves  curing  the  composite 
facing 8  separately  and  then  bonding  to  the  core.  The  second  method  cures  and 
bonds  the  entire  sandwich  structure  in  one  process.'1) 


3.3. 


Mechanical  Properties 


In  this  section  a  survey  of  the  more  common  mechanical  properties 
is  given  for  graphite/epoxy ,  boron/epoxy  and  Kevlar.  Because  of  the  enor¬ 
mous  lumber  of  individual  laminate  structures,  a  complete  survey  is  out  of 
the  question.  Measured  values  of  the  parameters  are  restricted  to  unidirec¬ 
tional  laminates  and  the  (0,60)  croesplied  laminate.  More  general  cross- 
plied  lamina,  including  hybrid  structures,  are  estimated  uBlng  structural 
analysis  techniques  and  presented  as  carpet  plots. 

3.3.1  Composite  Fiber  Properties 

A  very  large  number  of  different  fiber  types  are  available  com¬ 
mercially  for  the  manufacture  of  composite  materials.  Such  fibers  may  be 
continuous  or  chopped  and  range  from  the  aramid  fibers  used  in  Kevlar  and 
other  organic  composites,  to  the  graphite  and  boron-tungsten  fibers  used  in 
grephlte  end  boron  composites.  Only  continuous  fibers  will  be  discussed  in 
this  report  because  of  their  overwhelming  use  in  aircraft  applications. 

The  key  to  successful  design  of  composite  materials  which  tailor- 
made  mechanical  properties  has  been  the  development  of  good  fiber  technol¬ 
ogy.^)  Such  a  technology  can  endow  a  fiber  with  a  unique  and  outstanding 
set  of  mechanical  properties  that  cannot  be  duplicated  In  the  bulk  material 
fra  which  the  fiber  is  made.  The  anisotropic  fiber  composite  may  then  be 
"engineered"  to  have  special  properties  in  selected  directions  by  Just 
picking  the  required  fiber  and  matrix. 

A  list  of  fiber  mechanical  properties  is  given  in  Figures  3.7  to 
3.10.  The  properties  are  those  at  room  temperature.  A  comparison  is  made 
between  several  fiber  types  and  betwoen  the  fibers  and  mutalB  commonly  used 
in  aircraft  manufacture.  Specific  comparisons  vary  somewhat  from  figure  to 
figure  depending  on  the  data  available. 

Figure  3.7  shows  the  density  of  various  composite  fibers  compared 
to  the  density  of  steel,  titanium  and  aluminum.  The  graphite  fibers  are 
typically  30%  less  dense  than  aluminum  while  Kevlar  Is  almost  452  less 
dense.  Boron  fibers  have  about  the  same  density  as  aluminum. 

Figure  3.8  is  a  plot  >f  tensile  strength  and  tensile  modulus  for 
various  composite  fibers  and  aluminum  and  Btainless  steel.  Kevlar,  S-glass 
and  E-glass  tend  to  have  high  tensile  strength  while  boron  and  graphite 
fibers  have  moderate  to  high  tensile  strength  and  high  modulus.  Stainless 
steel  has  moderate  tensile  strength  and  fairly  high  tensile  modulus  while 
aluminum  has  low  tensile  properties.  As  a  further  illustration  of  composite 
fiber  tensile  properties,  stress-strain  curves  are  plotted  in  Figure  3.9  for 
selected  composite  fibers. 

The  most  important  information  concerning  composite  fiber  mechan¬ 
ical  properties  is  shown  in  Figure  3.10.  In  this  figure,  the  specific  ten¬ 
sile  strength  and  specific  tensile  modulus  are  plotted  for  various  compos¬ 
ite  fibers,  stainless  steel  and  aluminum.  By  specific  tensile  strength  or 
modulus  is  meant  the  strength  or  modulus  normalized  to  the  fiber  density. 
These  data  fora  the  basis  for  marketing  decisions  of  the  fibers  for  aircraft 
applications  because  they  represent  the  ratio  of  strength  or  stiffness  to 
weight.  An  examination  of  Figure  3.10  shows  Kevlar  having  the  highest 
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specific  strength  and  high  modulus  (HM)  graphite  having  the  beat  specific 
tensile  modulus.  Both  stainless  steel  and  aluminum  are  poor  by  comparison; 
steel  because  of  its  high  density  and  aluminum,  because  of  its  relatively 
low  tensile  strength  and  modulus. 

3.3.2  Composite  Matrix  Properties 

The  resin  matrix  in  which  the  fibers  of  the  composite  are  immersed 
performs  two  important  tasks. First,  the  matrix  separates  the  fibers 
to  maximize  their  contributions  to  composite  strength  and  minimize  the 
possibility  of  microcracks  and  buckling  developing  in  the  material  because 
of  fibers  touching.  Second,  the  matrix  binds  to  the  fibers  sufficiently  to 
enable  the  material  to  bear  and  transfer  stresses  safely  throughout  the 
material. 


The  stresses  to  which  the  matrix  is  most  sensitive  are  those 
tranaverae  to  the  fiber  direction. '2?  Longitudinal  stresses  are  trans¬ 
mitted  mostly  by  the  fibers*  In  order  for  the  matrix  to  safely  bear  and 
transfer  stresses,  it  is  necessary  that  the  matrix  precursor  liquid  wet  the 
fiber  surfaces. (*)  The  wetting  process  brings  matrix  material  close 
enough  to  fiber  material  to  allow  chemical  bondg  to  ba  formed.  If  R  is  the 
rate  of  wetting  of  the  composite  fibers  by  the  matrix  resin,  then  '2' 


where  r  ia  the  aurface  tension  of  the  matrix  precuraor  liquid,  0  is  the 
contact  angle  of  the  liquid  on  the  fiber  surface,  and  is  the  liquid 
viscosity.  In  general,  r  cos  n  is  small  which  implies  that  reasonable 
wetting  rates  are  obtainable  only  with  low  viscosity  precursor  liquid#.'2' 


A  number  of  different  matrix  resins  are  in  common  commercial  use. 
The  resins  may  be  thermosetting  or  thermoplastic »'2'  The  more  common 
thermosetting  resins  are  polyesters,  vinyl  asters,  epoxy  and  polyimide  and 
have  use  temperatures  from  200°F  to  600°F>  Tharmoplaca tic  resins 
include  nvlon  66,  polybutylene,  polysulfone,  and  polyamide  with  use  tempera¬ 
tures  from  280°F  to  500°F. 


The  composites  giving  the  best  mechanical  behavior  are  made  from 
epoxy  resins  and  are  the  ones  normally  used  in  aerospace  applications.'2' 
The  epoxy  resins  commonly  used  include  the  diglycidyl  ether  of  biophenol  A 
and  its  dimers;  the  tetraglycidyl  ether  of  tetraphenolethane,  tetraglycidyl 
methyldianiline  and  epoxies  derived  from  novo  lacs. 

3.3.3  Single  Laminate  Composite  Properties 

In  this  section,  typical  measured  values  for  certain  key  mechani¬ 
cal  and  physical  properties  are  given  for  single  laminate  graphita/epoxy, 
boron/epoxy  and  Kevlar/ epoxy  compos ites.'2>-*'  The  mechanical  properties 
considered  are  tensile,  compressional  and  shear  strengths  and  the  tension, 
compression  and  shear  moduli!  elastic  constants  (including  Poisson's  ra¬ 
tios).  The  physical  constants  considered  are  density  and  thermal  expansion 
constants.  Numerical  data  is  given  for  each  property  (except  density) 
measured  longitudinally,  transverse  and  diagonally  with  respect  to  the 
fibers  (0°,  90°  and  +45°  with  respect  to  the  fiber  axes)  at  both  room 
temperature  and  330°F.  (Kevlar  data  is  given  at  room  temperature.)  All 
data  is  shown  graphically  in  Figures  3.11  -  3.30. 
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The  most  notable  feature  of  the  numerical  data  la  its  strong  de¬ 
pendence  on  the  composite  orientation.  Longitudinal  properties  are  essen¬ 
tially  those  of  the  fibers  as  is  shown  by  the  large  shear  strengths  and 
elastic  modulii.  Transverse  properties  are  much  weaker  and  reflect  the 
presence  of  the  matrix  material.  Diagonal  properties  tend  to  fall  between 
the  transverse  and  longitudinal  properties. 

Both  mechanical  and  physical  properties  tend  to  degrade  somewhat 
with  temperature.  The  amount  of  degradation  varys  with  each  property  but, 
in  general,  boron/epoxy  appears  more  teraperature-senBitive  than  either 
graphite/epoxy  or  Kevlar/ epoxy. 

Figures  3.31  -  3.33  show  typical  tensile  stress-strain  curves  for 
both  graphite  and  boron  composites.  Longitudinal,  transverse  and  diagonal 
stresses  are  considered  at  room  temperature  and  350°F*  The  transverse  and 
diagonal  stress-strain  curves  are  considerably  more  temperature  sensitive 
than  the  longitudinal  curve. 

Figure  3.34  illustrates  a  bending  stress-strain  curve  for  Kevlar, 
graphite  and  aluminum.  Unidirectinal  Kevlar  49/epoxy  has  a  linear  streas- 
strain  curve  when  tested  in  tension  to  failure.  When  tested  in  compression, 
Kevlar  49  is  elastic  in  low  strain,  but  plastic  at  high  strain  (see 
Figures  3.11  and  3.14).  This  unique  compressive  behavior  of  Kevlar  49  makes 
it  resemble  a  metal  in  its  ductility  Which  is  illustrated  in  Figure  3.34 
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Croesplled  Laminate  Composite  Properties 


Crossplied  laminate  design  strengths,  elastic  properties  and  phy¬ 
sical  constants  are  presented  for  the  boron/ epoxy  and  graphite/ epoxy  sys¬ 
tems.  Crossplied  laminate  property  data  are  difficult  to  treat  in  general 
because  of  the  many  structures  that  are  possible.  The  crossplied  laminate 
systems  presented  in  this  section  are  limited  to  (0/+60)  orientations  and 
the  general  orientation  family  <0£/+45a/90jt)  for  graphite  and  boron/ 
epoxy,  where  the  i,  j,  and  k  coefficients  can  be  adjusted  to  any  proportion 
(including  none)  of  the  three  lamina  angles.  By  proper  adjustment,  virtual¬ 
ly  any  design  requirement  can  be  met  for  preliminary  estimates  of  crossplied 
laminate  properties. 

The  properties  for  the  j/90^)  are  given  in  Figures 

3.35  to  3.61  in  the  form  of  carpet  plots  with  the  percent  of  0°  and  j45° 
plies  treated  as  independent  variables.  The  remaining  percentage  of  plies 
are  90°  by  definition.  The  carpet  plots  were  generated  by  computer  using 
standard  structural  analysis  algorithms. O)  The  unidirectional  Lamina 
data  (such  as  given  in  Figures  3.11  -  3.30)  are  a  basic  input  for  the 
analysis.  The  curves  given  in  Figures  3.35  -  3.61  should  be  construed  as  a 
guide  to  general  croesplled  composite  behavior  and  not  as  a  set  of  design 
curves . 

Figures  3.62  -  3.71  present  measured  mechanical  and  physical 
property  data  for  the  (0/60)  laminate  family  for  boron/ epoxy  and  graphite/ 
epoxy  at  room  temperature  (RT)  and  350°F.'3)  The  properties  are  mea¬ 
sured  with  stresses  longitudinal  (0°  with  respect  to  fiber  axis)  and 
transverse  (90°  with  respect  to  fiber  axis)  to  the  fibers.  Where  no 
direction  to  the  fiber  is  given,  the  property  is  isotropic.  As  in  the  case 
of  a  single  laminate,  the  properties  of  the  (0/60)  crossplied  lamina  degrade 
somewhat  with  temperature,  especially  in  the  case  of  boron/ epoxy. 
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3.3.5  Hybrid  Composite  Properties 


Hybrid  composite  structures  consist  of  a  combination  of  two  or 
more  different  composite  fiber  types  in  a  matrix  material.  Since  a  myriad 
of  hybrid  structures  Is  possible,  three  common  structures  (boron:  graphite/ 
epoxy,  S-glass:  graphite/epoxy  and  Kevlar:  graphite/epoxy),  will  be  con- 
s  ide  red . 


The  boron:  graphite/ epoxy  system  is  (03/+45qe/90qe)s  with  key 
properties  listed  in  Table  3.3.  Values  are  given  for  longitudinal  (0°)  and 
transverse  (90°)  orientations  with  respect  to  the  laminate  and  for  room 
temperature  and  350°F. 

The  S-glass:  graphite/ epoxy  and  Kevlar:  graphite/ epoxy  hybrid 
systems  have  been  recently  evaluated  by  Boeing  aB  possible  approaches  to  low 
cost  composite  structures. (6)  The  basic  idea  is  to  place  low-cost  fibers, 
such  aa  S-glass  or  Kevlar,  in  secondary  load  directions  and  place  high  cost 
fibers,  such  as  boton  or  graphite,  in  the  primary  load  direction.  Cost 
savings  for  the  hybrid  laminate  over  regular  laminates  range  from  10Z  to 
40% . 


The  S-glass:  graphite/epoxy  system  is  (S-glass/T-300  graphite/ 
S-glass)  and  the  measured  mechanical  properties  are  given  in  Table  3.4  for 
several  test  orientations  and  temperatures.  The  Kevlar:  graphite/epoxy 
hybrid  system  has  the  configuration  (T-300  graphite/Kevlar-49/T-300  graph¬ 
ite).  The  mechanical  properties  are  given  in  Table  3.5  for  several  orienta¬ 
tions  and  temperatures.'®' 

Boeing ( has  generated  a  set  of  design  curves  in  carpet  plot 
format  for  use  in  constructing  hybrid  composites  composed  of  S-glass: 
graphite/epoxy  and  Kevlar:  graphite/epoxy.  The  curves  for  the  S-glasB: 
graphite/epoxy  hybrid  are  given  in  Figures  3.72  -  3.76  while  those  for 
Kevlar:  graphite/epoxy  are  given  in  Figures  3.77  -  3.81. 

3 . 4  Environmental  Effects  on  Composite  Materials 

The  information  in  this  section  is  a  summary  of  data  available  on 
the  various  environmental  effects  on  the  mechanical  properties  of  graphite/ 
epoxy,  boron/epoxy  and  Kevlar/epoxy  composite  materials.  All  data  Is 
presented  In  Table  3.6  and  the  impact  of  each  environmental  effect  is 
measured  as  a  percent  degradation  of  the  unperturbed  properties.  The 
results  should  be  regarded  as  general  trends  applicable  to  a  whole  class  of 
materials. 


3 . 5  Composite  Fatigue 

A  limited  set  of  fatigue  data  is  presented  for  boron/epoxy , 
graphite/epoxy  and  Kevlar/epoxy  in  the  form  of  stress-failure  curves  under 
constant  amplitude  cyclic  loading  conditions.  The  data  are  meant  to  give  a 
general  feel  for  the  fatigue  behavior  of  composites  and  not  to  be  used  in 
detailed  design  curves.  The  data  is  displayed  in  Figures  3.82  -  3.85.  In 
general,  the  unidirectional  laminates  give  the  best  fatigue  results  with  a 
general  lessening  of  values  for  crossplied  laminates.  Fatigue  characteris¬ 
tics  also  tend  to  degrade  somewhat  with  temperature  as  is  shown  for  boron/ 
epoxy  in  Figures  3.82  -  3.85. 
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4.0 


APPLICATIONS  OF  COMPOSITE  MATERIALS 


Composite  materials  have  been  in  extensive  use  in  the  aerospace  in¬ 
dustry  and  other  commercial  sections  of  the  economy  for  a  number  of  years. 
The  first  two  sections  of  this  chapter  profile  the  past  and  present  applica¬ 
tions  of  composites  to  various  commercial  and  military  aircraft  systems  with 
some  space  applications.  No  attempt  is  made  to  be  complete  but  a  good  rep¬ 
resentative  survey  of  such  applications  is  given.  The  third  section  deals 
with  certain  specific  problems  in  using  composites  on  aircraft.  The  last 
section  projects  future  trends  in  composite  use  for  both  the  aerospace  and 
automobile  industries. 

4.1  .  Early  (pre-1973)  Aerospace  Composite  Materials 

Applications 

Composite  materials  have  been  used  on  aircraft  and  spacecraft  for 
a  number  of  years.  Although  much  Interest  in  using  these  materials  has  been 
voiced,  past  applications  have  been  limited  to  small  secondary  BtructureB 
and  have  involved  principally  boron  and  glasB-flber  composites.  A  represen¬ 
tative  history  of  pre-1973  composite  applications  is  given  in  Table  4.1. 
The  history  is  not  meant  to  be  inclusive  but  rather  to  illustrate  the  types 
of  composite  structures  that  have  been  fabricated,  the  variety  of  composites 
that  have  been  used,  the  aerospace  companies  involved,  and  the  weight 
savings  obtained  from  composite  structures  over  the  counterpart  metallic 
structures. 

4 . 2  Recent  (post-1973)  and  Current  Aerospace  Composite 

Material  Applications 

Numerous  applications  of  composites  to  aerospace  systems  have  been 
made  since  1973  and  will  continue  to  be  made  in  the  present  and  near  future. 
The  principal  materials  are  graphite/ epoxy  and  Kevlar,  both  individually  ;<nd 
as  hybrid  composites.  This  section  presents  a  representative  sample  of 
recent  composite  applications  to  aircraft,  propulsion,  spacecraft  and 
helicopter  systems.  Two  very  interesting  applications,  composite  mechanical 
fasteners  and  aircraft  seats  and  galleys,  are  included.  Each  application  is 
described  and  the  actual  or  projected  weight  or  cost  savings  obtained  using 
composites  is  given.  All  recent  composite  applications  are  summarized  in 
Table  4.2, 


4.2.1  Aircraft  Systems 

Twelve  uses  of  composites  on  various  aircraft  are  presented  in 
this  section.  Both  military  and  civilian  aircraft  are  included. 


4 . 2 , l  •  1  McDonnell  Douglas  DC-10 

the  DC-10  uses  composites  on  both  a  secondary  structure  and  a 
small  primary  structure.  The  primary  structure  is  the  vertical  stabilizer 
(2)  which  is  fabricated  from  graphite/epoxy.  The  composite  stabilizer  has 
a  projeated  weight  savings  of  20-22X'^  and  is  scheduled  for  completion  in 
19  82.^2) 


Table  4,1  Composite  Application  History  (before  1B73)^ 

Parcint 


Component 

Manufacturer 

Cnmnon  t  tii 

Weight 

Savings 

Aircraft  Systems 

P-111  Horizontal  Stabilizer 

General  Dynamics 

Boron/Epoxy 

2  7% 

P-4  Rudder 

McDonnell  Douglas 

Boron/Bpoxy 

36% 

P-14A  Horizontal  Stabilizer 

Grumman 

Boron/Bpoxy 

19% 

F-1S  Horizontal  Stabilizer 

McDonnsll  Douglss 

Boron/Bpoxy 

A-4  Horizontal  Stabilizer 

McDonnell  Douglss 

Grsphite/Bpoxy 

201 

P-100.  Wing  Skin 

Rockwell 

Boron/Bpoxy 

2  5.6% 

P-illB  Wing  Box  Extrueion 

Grumman 

Boron/Bpoxy 

C-SA  Leading  Bdge  Slat 

Lockheed 

Boron/Bpoxy 

F-lll  Aft  Fuselage 'l 

/Boron/Bpoxy 

F-  S  Aft  Puaelage  J 

General  Dynamics 

A  Graphlts/Epoxy 
iBoron/ Aluminum 

19% 

P-S  Landing  Gear  Door 

Northrop 

Boron/Bpoxy 

22% 

Engine  Systems 

JFT22  First-Stage  Fan  Blade 

Pratt  |  Nhitnay 

Boron/Platinum 

44% 

Fan  Blade 

Ganaral  Motors 

Boron/Titanium 

SOI 

JPT22  Third-Stage  Fan  Blade 

Pratt  BWhitney 

Boron/Aluminum 

36% 

TS6-A-18  Oearbox  Case 

General  Motors 

Boron-Glass/ 

Epoxy 

lit 

Space  Systems 

Reentry  Frustrum 

General  Blautrlc 

Boron/Bpoxy 

Missile  Interstage 

Boeing 

Graphita/Bpoxy 

271 

Missile  Payload  Adapter 

General  Dynamics 

Boron/Aluminum 

401 

Tubular  Struts 

Rockwell 

Boron/Bpoxy 

SOI 

TubulaT  Struts 

Northrop 

{ Graphite/Bpoxy 
\Giass/Bpoxy 

461 

Helicopter  Systems 

CH-47  Rotor  Blade 

Boeing-Vertol 

f Boron/Bpoxy 
\  Glass/Bpoxy 

S-61  Tail  Rotor 

Sikoriky 

/ Boron/Bpoxy 
\  Glaes/Epoxy 

St 

CH- ? 4 B  Tail  Cone 

Sikorsky 

Boron/Epoxy 
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Table  4.2  Preient  (post  1973)  and  Near  Future  Aerospace  Composite  Applications 


Component 

Manufacturer 

Composite 

Comments 

Aircrut't 

DC- 10 

Systems 

Vertical  Stabillior 

Upper  Aft  Rudder 

McDonnell  Douglas 

Graphita/Upoxy 

Ready  in  1DB2 ;  20-225 
weight  savings 

DC-10 

McDonnell  Douglas 

Graphite/Upoxy 

271  weight  savings 

727 

Ulovntor  (2) 

Boeing 

Uraphite/Hpoxy 

261  weight  savings 

7J7 

Horizontal  Stabilizer  (2* 

Boeing 

Graphite/Fpoxy 

Ready  in  19B0-B1;  235 
weight  savings 

1,-1011 

Inboard  Aileron^ 

Lockheed 

Graphite/Upoxy 

Itaady  in  1000;  201 
weight  savings 

L- 101 1 

Vertical  Fin^'^ 

Lockheed 

Graphite/Upoxy 

Ready  in  19B2;  301 
wolght  savings 

tear  I'un 

2100 

(2,3) 

Control  Surfaces 

Lear  Avia 

Graphite/Upoxy 

All -composite  nlr- 
frume  and  wings 

757/707 

Boeing 

Graphite/llpoxy 

Graphite/Kovlar 

Ready  in  m  1  it  - 1 UK0 1  h 

747 

Outboard  Allerolti3^ 
and  Cowl  Panels 

Boeing 

Graphite/Upoxy 

261  weight  savings 
on  ailerons  and  351 

Wing  Skin  and  Frames (SJ 

on  cowl  punuls 

AV-BB 

McDonnell  Douglas 

Griphito/ilpoxy 

201  weight  savings 

F-16 

Tail  Structure 

General  Dynamics 

Griphite/Upuxy 

P/A- 18 

Wing  Skin 

McDonnell  Douglas/ 

Graphita/Upoxy 

501  of  aircraft  snr- 

Northrop 

face  is  composito 

C- 14 1 

Wing  Section 

Lockheed 

Graphite-Gluss/ 

751  lower  mulnton- 

Upoxy 

unco  and  repair  costs 

TIIK-90 

Landing  dear  Doors  (l1^ 

Mosserschmldt- 

Fiberglass/Upoxy 

and  Fairings 

Boolkow-Blohm 

Graphite/Upoxy 

Dornier  Light  Trunaport ( l2* 

Dornier 

Glair/ Kevlar 

Ready  in  19H0'sj 

Graphite/Upoxy 

largu  composito 

Propulsion  System* 

surface  area 

RB.  211-535  Bngln*  Thruit  Havener 

K.Sjruiv  *“•“ 

Rolls-Royce 

Graphita/Upoxy 

To  be  used  on  Boeing 
757;  reduction  of 
15-201  In  engine 

weight 

Composito  Propeller  i » 15 ) 

Hamuli 

Kevlar 

Jet  Rotor  Bludo(155 

T.M.  Davelopmant 
Dowty-Rotol 

Pressure 

T.M,  Development 

Kevlar 

Space  Systems 

Intelsat 

V  Truss  and  Dish((,) 

Antennas 

Ford  Aerospace 

Graphite/Upoxy 

SpiKO  Beam  Builder ^  ^ 

Grumman 

Thermal  Plastics 

Ready  in  1  >J B 5 

Helicopter  Systems 

2001. 

LongRunger  Vertical 

Fin  and  Horizontal 

Stablll zer l * ' J 

Bell  Textron 

Graphite/Upoxy 

Vertlcul  fin  saves 
27.51  by  weight. 
Horizontal  stabilizer 

saves  151  by  weight 

2061. 

LongRunger  Fairing, 

Bell  Toxtron 

Kevler 

Pairing  hhvon  2H 

Litter  Boor  and  Baggage 
Door l 1* > 

by  weight,  Litter 
door  saves  371 

and  buggugo  door 
saves  12.51  by 
weight. 

Other  Appl leu t Ions 

Mechanical  Fustnners Cl 0) 

Vought 

Glass/Hpoxy 

Competitive  with 

Seats  and  Halleys (121 

Titanium 

Aircraft 

Wober  Aircraft 

Gruphito/lipo../ 

Aerospace  Div.,  UOP 

4. 2. 1.2  Boeing  727/737 


One  secondary  graphite/ epoxy  application  to  both  the  727  and  737, 
•t,  is  scheduled  to  be  completed  in  1980.(2)  This  composite  struc- 


an  elevator,  is  scheduled  to  be  completed  in  1980 
structure  produces  a  26%  weight  reduction. 


stabilize 

frame. 

projected 


The  Boeing  737  is  being  modified  with  a  composite  horizontal 
r(2)  box  and  is  scheduled  to  be  completed  in  the  1980-1981  time 
This  component  represents  a  medium  size  primary  structure.  The 
weight  savings  is  23%. (2) 


4. 2. 1.3  Lockheed  L— 1  011 

There  are  two  graphite/epoxy  applications  on  the  L-1011.  The 
first  application,  finished  in  1980,  was  the  composite  Inboard  aileron.  The 
weight  savings  on  this  secondary  structure  was  20jt.  The  second  application, 
to  be  finished  in  1982,  is  to  the  vertical  fin. '-3*4)  The  projected  weight 
savings  is  30%. (3) 

4. 2. 1.4  Lear  Fan  2100 

The  Lear  Fan  2100,  a  business  aircraft,  represents  the  first  air¬ 
craft  with  a  nearly  all-composite  airframe/-*)  The  aircraft  uses  graph¬ 
ite/epoxy,  Kevlar  and  graphite/Nomex  honeycomb  as  shown  in  Figure  4.1.  The 
Lear  Fan  2100  is  scheduled  for  test  flight  in  October  1980  and  certification 
by  1982.  An  estimated  11-18%  is  saved  in  fabrication  costa. (3) 

4. 2. 1.5  Boeing  757/767  Tranaporta 


The  Boeing  757  end  767  wide  body  transport  aircraft  rapreaant  the 
Boeing  entry  for  the  next  generation  of  air  transports.  Both  aircraft  will 
make  extensive  use  of  composite  materials  on  such  secondary  structures  as 
(-*)  movable  surfaces,  geat  doors,  fixed  trailing  edges,  fairings  and  cowl 
doors.  Graphite/epoxy  ia  to  be  used  on  control  surfaces  such  as  ailerons, 
elevators,  rudders  and  spoilers  because  of  its  stiffness  and  light  weight. 
(2)  A  graphite-Kevlar  hybrid  composite  will  replace  glase  fiber  in  the 
wlng/body  fairings. (2)  Great  care  is  being  taken  in  the  aircraft  design 
to  avoid  graphite/aluminum  interfaces  and  the  resulting  galvanic  corrosion 
which  hau  been  the  chief  complaint  of  airlines  about  graphite  composites  in 
the  past. (2)  The  location  of  composites  on  the  Boeing  767  is  shown 
in  Figure  4.2. 

4. 2. 1.6  Boeing  747  Transport 

Boeing  aircraft  has  undertaken  an  in-house  effort  to  retrofit  the 
747  with  graphite/epoxy  outboard  ailerons  and  engine  inlet  outer  cowl 
panels. (3)  The  effort  is  expected  to  save  26%  by  weight  on  the  ailerons 
and  38%  on  the  cowl  panels. (3) 

4. 2. 1.7  Navy/McDonnel  Douglas  AV-8B  Advance  Harrier 


represi 
ms .  ( 3 ) 


date  of  composites  on  military  systems . Graphite/epoxy  composites  are 
used  for  the  first  time  on  cover  skins  and  sub-structure  frames  on  an 
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Figure  4.1 

Lear  Fan  2100,  All-Coaipoaitt  Buaineaa 
Aircraft^ 


Figure  4.2 

Advanced  Composites  on  the  Boeing 

_  (61 
Transport  1 


Figure  4.5 

Navy/McDonnell  Douglas  AV-BB  Advance  Harrier 
Coapoaite  Aircraft^ 
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aircraft  wing. (3)  Approximately  75%  of  wing  weight  ie  composite  which 
results  in  a  20%  savings  over  an  aluminum/ titonium  wing  design. O)  The 
overall  aircraft  weight  savings  is  26%. (3)  The  use  of  composites  on  the 
AV-8B  Harrier  is  illustrated  in  Figure  4.3* 

4.2.L.8  USAF/General  Dynamics  F-16 

The  General  Dynamics  F-16  in  the  original  version  has  a  tail 
structure  made  of  graphite/ epoxy  skin  bonded  to  full-depth  aluminum  honey¬ 
comb/'’’)  Modifications  of  the  F-16  tail  structure  are  currently  underway 
which  will  permit  better  handling  characteristics  with  the  wider  variety  of 
missile  loads  the  F7I6  will  be  required  to  carry. v?)  Primary  componento 
of  the  new  tail  will  be  graphite/epoxy  top  and  bottom  skins  connected  to  a 
corrugated  aluminum  sheet  substructure  tapered  in  span  and  chord/'')  The 
new  tail  will  have  30%  greater  area. 

4 .2.1 .9  Navy/McDonnell  Douglas/Northrop  F/A-18 

The  F/A-18  is  the  second  Navy  aircraft  (after  the  AV-8B  Harrier) 
to  make  major  uae  of  composite  materials /3)  More  then  50%  of  the  air¬ 
craft  surface  area  is  covered  by  graphite/epoxy  accounting  for  10%  of 
structural  weight/*)  The  uae  of  composites  on  the  F/A-18  is  illustrated 
in  Figure  4.4. 

4.2.1.10  USAF/Lockhaad/C-141  Composite  Wing  Section 

The  Inboard  leading  adge  sections  on  the  C-141  aircraft  are  com¬ 
posed  of  aluminum  honaycomb.  Thia  material  suffers  from  core  corrosion 
resulting  in  high  repairs  and  maintenance  costa/10)  A  graphite-glass/ 
epoxy  leading  edge  haa  been  substituted  for  the  metal  edge.  The  skin  of  the 
leading  edge  consists  of  10  plies  of  glass  fiber  end  8  plies  of  graphite/ 
epoxy  tape/10)  The  ribs  ere  fabricated  with  glass  fiber  end  the  rib  cap 
haa  11  plies  of  graphite  tape/10)  One  layer  of  aluminum  flame  spray 
givsa  lightning  protection.  Maintenance  and  repair  coate  ere  estimated  to 
be  75%  lower/1'0) 

4.2.1.11  Panavia  Tornado  Multirole  Combat  Aircraft! 

THK-Sd  and  THK-1$0 


The  THK-90  ie  a  West  German  fighter  ms.de  by  Meeeereohmldt-Boel- 
know-blokm  with  Britain  and  France  as  coproduction  partners. ^11 )  The 
aircraft  has  landing  gear  doors  and  spine  hood  fairings  made  of  glass  fiber 
composite  and  a  graphite/epoxy  taileron/11)  An  advanced  model,  the 
T HK-190,  will  have  graphite/epoxy  wings,  control  surfaces  and  parts  of  the 
fuselage/11) 

4.2.1.12  Dornier  Light  Transport 

The  Dornier  light  transport  aircraft  (shown  in  Figure  4.5)  will  be 
produced  In  France  in  the  1980  time  frame  and  will  use  graphite/epoxy  and 
glasa/Kevlar  composite  over  large  areas  of  the  aircraft  surface/12)  The 
glaas/Kevlar  composite  will  be  used  on  the  fuselage  and  wing  surfaces  and 
the  graphite/epoxy  on  wing  and  tail  control  surfaces/12) 
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4.2.2 


Propulsion  Systems 


In  this  section,  one  example  is  given  of  composite  application  In 
the  construction  of  a  Jet  engine.  Two  examples  are  presented  of  all-compos¬ 
ite  propeller  blades  and  one  example  is  given  of  an  all-composite  helicopter 
rotor  blade . 

4 . 2 . 2 . 1  Rolls-Royce  RB. 21 1-535  Aircraft  Jet  Engine 

Rolls-Royce  is  currently  committed  to  a  major  use  of  composites  on 
the  RB-211-535  engine  which  will  be  used  on  the  Boeing  757  transport  air- 
cruft.  Plans  call  for  use  of  graphite/epoxy  and  aluminum  honeycomb  for  a 


it e/ ape 

reduction  in  engine  weight  by  15-20%,' ,2'  Composites  will  be  used  on  the 
fan  thrust  Kvrser  and  fan  case  access  doors,  (10)  and  are  being  consid¬ 
ered  for  lig n " *.*  loaded  parts  of  the  engine  cowl  and  hearing  Bpokes.'2'  a 
diagram  of  ttv  -.gine  is  given  in  Figure  4.6. 

4. 2. 2. 2  Composite  Propeller  and  Pressure-Jet  Helicopter  Rotor  Blade 


An  all-composite  Kevlar/epoxy  has  been  developed  by  Hartzell 
Propeller,  Inc.  and  T.M.  Development,  Inc.  for  the  CASA  C.212  feederline 
transport  aircraft. Certification  of  the  blade  by  the  Fedoral  Avia¬ 
tion  Administration  (FAA)  was  achieved  in  September,  1978.'“'  t.  M. 
Development,  Inc.  has  also  recently  produced  the  flrBt  all-composite  pres¬ 
sure-jet  helicopter  rotor  blade. 

A  second  all-composite  blade  will  soon  be  produced  by  Dowty-Rotol 
in  England.  The  blade  will  be  used  on  the  Saub-Fairchild  commuter  trans- 
oort. 


4.2.3 


Space  Systems 


One  example  Is  given  of  a  communications  satellite  constructed 
with  composites.  A  further  example  involves  a  composite  beam  builder  using 
the  space  shuttle. 

4. 2. 3.1  Intelsat  V 

The  Intelsat  V  series  of  advanced  communication  satellites  by  Ford 
Aerospace  is  one  example  of  present  satellite  systems  that  make  extensive 
use  of  composite  materials « Graphi tc/ epoxy  is  used  for  the  truss 
structure  and  large  dish  antennas  of  the  satellite.^'  It  is  scheduled  to 
be  launched  by  NASA  in  1980  and  carry  telephone  calls,  television,  telex  and 

telegrams. 

4 .2.3.2  Structural  Beam  Builder  Assembly  in  Space 

Marshall  Space  Flight  Center  and  Grumman  are  studying  deployable 
^trv^ctures  for  use  on  platforms  deployed  by  single  space  shuttle  missions 

One  current  configuration  is  a  simple  beam  builder  designed  by 
Grumman  using  composite  materials  and  plastics.  These  materials  are  attrac¬ 
tive  because  of  their  light  weight,  strength  and  insensitivity  to  thermal 
variations.  The  beam  builder  is  targeted  for  1985  and  could  double  as  a 
space  applications  platform.  The  beam  builder  concept  is  illustrated  in 
Figure  4.7 . 
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4.2.4  Helicopter  Systems 

Two  helicopter  composite  programs  are  discussed.  The  firBt  one  is 
the  Bell  206L  Long  Ranger  and  the  second  1b  a  Bell/Grumman  study  of  an 
all-composite  helicopter  airframe. 

4. 2. 4.1  Bell  Helicopter  Textron/206L  Long  Ranger  Helicopter 

Bell  Helicopter  Textron  has  a  NASA/Army  research  <  itract  for  the 
flight  testing  and  servicing  of  the  composite  206L  Long  Ranger  helicopter. 


Two  helicopter  primary  components,  the  vertical  fin  and  the  hori¬ 
zontal  stabilizer,  involve  graphite/epoxy  composites. ' ^ )  Three  secondary 
components,  the  upper  forward  rotor  mast  fairing,  litter  door  and  a  baggage 
compartment  door,  are  constructed  from  Kevlar/epoxy. '  Weight  savings 
estimates  for  the  graphite/epoxy  components  are  27.5 %  (vertical  fin),  and 
15%  (horizontal  stabilizer),  for  the  Kevlar  component's,  the  figures  are  21% 
(fairing),  37%  (litter  door)  and  12.5%  (baggage  door). 

4. 2. 4. 2  Bell/Grumman  All-Composite  Helicopter  Airframe 

Bell  Helicopter  and  Grumman  Aerospace  Corporation  are  working  on 
U.S.  Army  studies  on  the  application  of  composites  to  helicopters.'18) 

One  study  Involves  the  investigation  of  crash  characteristics  of 
helicopter  composite  structures/18)  The  second  study  is  of  an  all-compos¬ 
ite  airframe  having  a  goal  of  reductions  of  17%  in  coot  and  22%  in  weight 
over  a  metal  airframe.  Structural  and  radar  cross-section  characteristics 
are  to  be  optimized/18) 

4 . 2 . 5  Other  Aerospace  Applications 

Three  additional  aerospace  composite  applications,  mechanical 
fas*  '•*•»  and  aircraft  seats  and  galleys  are  discussed  in  this  section. 

4 . 2 . 5 . 1  Composite  Mechanical  Fasteners 

Two  types  of  glass-fiber  composite  fasteners  have  been  developed 
by  Vought  Corporation  for  use  in  joining  composite  materials  containing 
graphite/1^)  Use  of  conventional  mechanical  fasteners  with  graphite/ 
epoxy  composite  may  cause  serious  galvanic  corrosion  unless  expensive 
titanium  or  special  stainless  steel  alloy  fasteners  are  used.'1^)  Conven¬ 
tional  fasteners  and  installation  methods  also  may  cause  composite  fiber 
damage  and  delamination  of  the  joined  pieces. v1^) 


One  fastener  type  consists  of  two  pieces  (the  pin  and  the  sleeve) 
fabricated  from  thermoset  epoxy  resin  reinforced  with  glass  fiber.' ^) 
Both  pieces  are  bonded  together  during  installation  using  an  epoxy  adhesive 
that  is  applied  under  heat  and  pressure.'1’) 


The  second  fastener  type  consists  of  a  single  piece  designed  like 
that  of  a  conventional  fastener  (a  pin  with  a  head)  and  fabricated  from 
thermoplastic  polysulfone  resin  reinforced  with  glass  fiber. (19)  The 
fastener  is  installed  under  heat  and  pressure  using  a  machine  that  produces 
u  second  head  on  the  fastener  opposite  the  permanent  head.'1^) 


ir 

V. 


ffr' 


r 


'•V 


4-9 


Both  fastener  types  have  shear  properties  similar  to  conventional 
aluminum  fasteners/ *9)  They  are  competitive  In  cost,  weight  and  strength 
to  the  titanium  fasteners  presently  used  to  join  composite  structures. '*9) 


e  also  been 
asteners  are 


Fasteners  made  from  graphite/oolyitnide  composite  hav 
produced  by  Vought  Corporation  for  NASA. ' '  These  composite  fi 
usable  at  higher  temperatures  than  is  possible  with  glass-fiber  composite 
fasteners  /**/ 


4 . 2 . 5 . 2  Composite  Aircraft  Seats  and  Galleys 

Considerable  interest  currently  exists  for  producing  a  lighter, 
more  durable  aircraft  seat  for  use  in  the  coming  generation  of  wide-*body 
transports.  These  transports  will  emphasize  more  passengers,  greater 
seating  comfort  and  economy  of  operations. 

Weber  Aircraft,  a  division  of  Walter  Kidde  &  Co.  -  an  aircraft 
seat  manufacturer  —  is  studying  the  use  of  composites  In  seals  and  galleys. 
Aerospace  Dlvlslonof  UOP ,  Inc.  la  testing  a  graphite/epoxy  material  for 
seats  using  a  molding  rather  than  a  lay-up  technique.  A  4  OX  weight  reduc¬ 
tion  In  seats  Is  considered  possible  using  this  technique/2) 


4.3 


Problems  in  Composite  Material  Applications 


Three  important  problems  Involved  with  the  uee  of  composites  are 
discussed  in  this  section.  The  first  problem,  graphite  fiber  release,  has 
been  studied  intensely  for  the  past  3  years  and  has  been  resolved  only 
recently.  A  second  problem,  galvanic  corrosion,  has  been  a  major  complaint 
from  aircraft  companlea  about  graphite  composites.  The  third  problem 
concerns  the  high  production  costs  of  composite  fabrication.  Attempts  to 
Improve  the  manufacturing  process  are  discussed. 


4.3.1 


Graphite  Fiber  Release 


Graphite/epoxy  composite  material  has  been  used  extensively  on 
many  recent  aircraft,  spacecraft  and  helicopter  systems  (see  Table  4.2  for  a 
representative  list  of  composite  applications)  and  plans  currently  exist 
that  involve  fabrication  by  the  major  aerospace  firms  of  primary  airframes 
and  possible  whole  aircraft  using  this  composite/2-*'  A  major  obstacle  to 
the  continuing  advances  in  composite  development  has  been  the  concern  over 
possible  graphite  fiber  release  into  the  atmosphere  due  to  crashes,  fire 

and/or  explosion  of  graphite  composite  commercial  transport  aircraft. 
(2,3,20) 


i 


m 

,\i 


a* 


A  government-wide  graphite  fiber  hazard  study  was  initiated  in 
July  1977  which  included  a  NASA  risk-analysis  study  directed  by  the  Execu¬ 
tive  Branch's  Office  of  Science  and  TEchnology/™'  The  major  Initial 
Impact  of  the  study  effort  was  an  immediate  freeze  upon  all  new  graphite/ 
epoxy  composite  component  development  work  funded  through  the  NASA  Aircraft 
Energy  Efficiency  Program  at  Langley  Research  Center  until  the  magnitude  of 
the  threat  could  be  evaluated.'2*)/  The  study  did  not  address  fiber 
release  from  military  aircraft  but  only  from  commercial  transports/2!-* >2**' 
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The  concern  that  motivated  the  study  was  that  the  fine,  conducting 
graphite  fibars,  released  by  fire  or  explosion  of  a  composite  aircraft  and 
blown  possibly  tens  of  kilometers  by  wind,  could  possibly  penetrate  build¬ 
ings  and  electrical  equipment  enclosures  to  short  out  or  disrupt  electronic 
equipment  for  which  the  airline  would  be  financially  liable . ' 2 , 3 , 20) 
Related  concerns  were  effects  upon  human  health  from  inhaling  the  fibers 
(3)  and  effects  arising  from  deliberate  fiber  release  by  terrorists.^) 

After  extensive  testing,  which  included  large  scale  fireB  and 
large  teBt  rigs,  the  threat  of  fiber  release  was  judged  to  be  very  small. 
(3,Z1)  Tests  with  consumer  appliances,  industrial  electronic  systems  and 
avionics  revealed  them  to  be  very  none  use  ep  tible  to  damage  by  graphite 
fibers . (3,21)  n0  adverse  effects  on  human  health  were  found  because  of 
the  inconsequential  amount  of  fiber  released. (3) 

The  final  report  on  the  NASA  graphite  fiber  hazard  was  due  in 
December  1980.  A  recommendation  is  expected  that  will  rejuvinate  the  large 
NASA  composite  program. 

4.3.2  Galvanic  Corrosion 


The  chief  complaint  of  the  aerospace  companies  regarding  the  use 
of  graphite/epoxy  composite  material  is  the  very  Bevere  corrosion  that 
results  from  galvanic  action  between  graphite  and  other  aircraft  material 
(chiefly  aluminum).  Galvanic  corrosion  weakens  the  metal  and  makes  a 
fastened  joint  subject  to  poor  electromagnetic  shielding  and  even  to  catas¬ 
trophic  failure. Consequently,  direct  aluminura-to-graphite  composite 
Joints  are  avoided.  Titanium  alloy  fasteners  are  the  best  metals  to  use  to 
bond  graphite  composite  joints.  Some  recent  work  on  all-composite  fasteners 
has  been  done  and  ia  promising  as  a  solution  to  the  graphite/ epoxy  composite 
Joint  problem. i ^ 


4.3.3  Fabrication  Techniquea 

A  major  problem  using  composite  materials  is  the  large  tooling  and 
fabrication  coats  involved.  Many  composite  parts  are  very  labor  intensive 
because  lay-up  procedures  are  usually  used  during  the  fabrication  process. 
Some  steps  have  been  taken,  chiefly  by  automobile  companies  and  makers  of 
certain  composite  aircraft  parts  to  use  molding  and  mass  production  tech¬ 
niques  to  make  composite  parts  more  cost-effective. 

4 . 4  Future  Uses  of  Composite  Materials 

A  small  survey  is  given  of  several  future  efforts  involving  ex¬ 
tensive  use  of  composite  materials.  Examples  are  discussed  in  the  aerospace 
industry  and  other  commercial  sections. 

4.4.1  Future  Composite  Uses  in  Aerospace  Systems 

A  common  factor  runs  through  all  future  approaches  to  civilian  and 
many  military  aircraft  designs:  fuel  efficiency.^)  This  factor  Is 
especially  critical  for  future  transport  aircraft  to  be  competitive  interna¬ 
tionally.^)  a  major  determinant  of  fuel  efficiency  is  aircraft  weight. 
Small  secondary  composite  structures  have  ulready  been  used  on  past  aircraft 
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systems  with  weight  savings  typically  10-30%  over  the  equivalent  metallic 
structures.  Secondary  structures,  however .represent  a  small  part  of  total 
system  weight  (32  for  Boeing  737  and  767'*)),  in  order  to  meet  future 
aircraft  fuel  efficiency  requirements,  a  commitment  must  be  made  by  the  big 
airframe  manufacturers  and  the  government  towards  large  composite  primary 
structures  such  as  the  wings  and  wing  box,  stabiliser  box  and  fuselage 
sections. 3)  Efforts  are  underway  in  both  government  and  Industry  to 
determine  the  most  cost-effective  ways  of  making  this  commitment. 


The  composites  that  will  be  used  to  fabricate  the  large  prLmary 
structures  are  graphite/epoxy  with  advanced  resins  and  hybrid  composites 
consisting  of  alternating  graphite  and  Kevlar. (2,3)  Increased  resin 
toughness  in  being  emphasized  as  a  major  means  of  improving  composite  per¬ 
formance,  particularly  for  graphite/epox^ . (2)  Future  aircraft  fabricated 
from  these  composites  will  be  more  than  50-55%  eompoeite  by  weight. (^*9) 
The  weight  and  cost  savings  realized  on  transports  using  the  composite 
primary  structures  are  shown  in  Figure  4.9. 


After  composites  are  used  to  remove  large  amounts  of  weight  from 
the  primary  structures,  a  second  determinant  of  fuel  efficiency  can  come 
into  play:  new  aircraft  aerodynamic  shapes.  Such  shapes,  Impossible  or 
Impractical  with  metal  structures,  could  allow  a  given  aircraft  performance 
to  be  achieved  using  smaller,  more  efficient  engines,  or  allow  better 
performance  with  the  present  engines.'*) 


The  main  factor  that  gives  the  major  airframe  companies  pause 
before  making  a  massive  commitment  to  composites  1b  the  tremendous  cost  of 
new  facilities  required  in  converting  from  aluminum  to  composites. In 
order  to  lower  costs,  such  facilities  must  be  based  on  rapid  and  automated 
mass-rpoduction  of  composite  structurse  that  are  of  high  quality,  reliabil¬ 
ity,  and  low  unit  cost.  Such  an  automated  factory  would  greatly  reduce  the 
current  labor-intensive  character  of  present  composite  processing  tech¬ 
niques.  Northrop  currently  is  operating  a  prototype  automated  composite 
manufacturing  plant,  referred  to  as  the  Integrated  Flexible  Automation 
Center,  in  Los  Angelas,  California.'1*^  It  will  evaluate  robotics  and 
computerized  curing  temperature  and  cycle  control  for  use  in  automated 
composite  manufacturing. 

A  further  strategy  to  lower  composite  costs  is  increased  commer¬ 
cial  applications.  Although  graphite/epoxy  golf  clubs,  tennis  rackets  and 
fishing  roads  are  expanding  in  sales  volume,^'  the  main  hone^'is  lor 
greatly  expanded  use  of  composites  in  the  automobile  Industry. This 
topic  will  be  discussed  in  section  4.4.2. 

The  first  primary  structures,  as  currently  envisioned  by  NASA, 
would  be  a  graphite/epoxy  wing  box  and  fuselage  segment.  One  design  for  the 
wing  box  ia  shown  in  Figure  4.9,  Both  structures  would  be  available  about 
1985  if  funding  begins  in  1981. 


Future  efforts  by  Boeing  are  to  attain  the  capability  of  building 
an  all-composite  advanced  transport  with  the  major  primary  structures,  wings 
and  fuselage  suctions,  fabricated  from  graphite  and  Kevlar  composites.  '*' 
A  $200  million  in-house  investment  hae  been  proposed  to  prepare  the  neces¬ 
sary  fucili ties 
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1’igure  4.8 

Weight  and  Co.vt  Savings  Possible  by  Use  of 
Composites  Cor  Primary  Structures  in  Transport 
Aircraft.  Chart  prepared  by  NASA,1'3^ 


Douglas  Aircraft  is  currently  involved  with  two  efforts  for  large 
composite  aircraft.  Under  study  is  an  Advanced  Technology  Medium  Range 
(ATMR)  transport  designed  to  compete  with  the  Boeing  757.'*'  The  second 
effort  is  a  DC-9  super  80  using  Kevlar  nacelles  and  graphite/epoxy  rudder 
controls  and  possibly  a  graphite/epoxy  wing  box. (22) 

An  ongoing  study  has  been  performed  by  Grumman  on  the  Advanced  De¬ 
sign  Composite  Aircraft  (ADCA)^3)  c0ncept.  Such  a  design,  a  fighter, 
would  have  60-70%  composites,  have  a  deep  strike  and  penetration  capability 
and  be  available  in  the  1990  time  frame. (*39) 
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INTRINSIC  MATERIAL  PROPERTIES 


The  electrc-iagnetic  behavior  of  composite  materials  is  ultimately 
determined  by  their  intrinsic  material  properties.  The  key  properties 
considered  m  this  section  are  the  composite  material  permeability,  permit* 
tivity,  and  conductivity  as  functions  of  frequency  and  field  strength.  A 
brief  analysis  of  composite  material  resistivity  is  presented  separately. 
Property  modification  is  discussed  end  includes  property  improvement  through 
doping  and  intercalation,  and  property  changes  due  to  thermal  and  environ¬ 
mental  effects.  Nonlinear  properties  of  composites  are  also  briefly  con¬ 
sidered. 


Material  EM  Parameters 


The  measured  relative  values  of  permeability  and  permittivity  and 
the  measured  values  of  conductivity  as  functions  of  frequency  and  field 
strength,  for  boron/epoxy,  Kelvar/epoxy  and  graphite/epoxy  composites  are 
tabulated  in  this  section.  Some  data  is  presented  on  the  resistivity  of 
composites.  Separate  data  is  givan  on  the  conductivity  of  boron/ epoxy  and 
graphite/epoxy  for  individual  fibers,  the  epoxy  and  bulk  composite  material . 


5.1.1 


Permeability 


The  basic  macroscopic  parameter  used  to  characterize  the  magnetic 
state  of  a  material  is  the  permeability.  This  parameter  (designated  by  ) 
is  defined  in  terms  of  the  magnetic  induction  (B)  and  the  magnetic  field 
intensity  (H)  by  the  aquation 

B  -  uH  (5-1) 

In  view  of  the  fact  that  the  composites  boron/epoxy,  graphite/epoxy  and 
Kevlar/epoxy  are  presently  fabricated  using  nonmagnetic  materials,  it  may  be 
anticipated  that  their  magnetic  permeability  will  be  easentialy  that  of  free 
space . 

Permeability  measurements  for  the  composites  boron/epoxy,  graph¬ 
ite/epoxy  and  Kavlar/epoxy  have  been  perf ormed^3*^  using  the  standard 
testing  procedures  specified  by  the  American  Society  for  Testing  and  Mater¬ 
ials  (ASTM).  The  permeabilities  of  representative  samples  of  each  composite 
were  determined  at  D.C.  and  60  Hz  using  tha  sample  weighing  technique  and  at 
100  Hz  uaing  the  most  sensitive  vibrating  sample  magnetometer.  All  results 
Indicated  that  these  materials  were  weakly  diamagnetic  with  a  measured 
magnetic  susceptibility  X^  x  10"^.  The  permeability  is  given  in  terms  of 
the  magnetic  susceptibility  by  the  equation 


U  “  u  (1  +  XJ 
o  m 


(5-2) 


where  u0  is  Che  permeability  of  free  space.  The  results  are  tabulated  in 
Table  5.1  in  terms  of  the  relative  permeability  u/u0.  These  results  indi¬ 
cate  that  boron/epoxy,  graphite/epoxy  and  Kevlar/epoxy  all  have  the  perme¬ 
ability  of  free  space  to  the  accuracy  measured  and  the  frequencies  checked. 
Due  to  the  apparent  lack  of  sensitivity  of  the  measured  permeabilities  to 
frequency,  no  higher  frequency  measurements  have  been  undertaken.  Further 
detaila  on  the  measurement  process  may  be  found  in  Section  9.0  on  Measure¬ 
ment,  Test  and  Evaluation  or  in  the  ref erences. '3,4 ►$) 
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5.1 .2 


Permit tivitj 


The  electrical  parameter  analogous  to  the  magnetic  permeability 
is  the  electric  permittivity  (designated  by  e  )  and  is  defined  in  terms  of 
the  applied  electric  field  (E)  and  electric  displacement  (D)  by  the  equation 


D  -  eE 


(5-3) 


Because  composite  materials  are  heterogeneous  substances  by  virtue  of  their 
process  of  manufacture,  the  permittivity  of  these  materials  can  be  expected 
to  be  anisotropic  and  to  be  frequency  dependent.  A  further  complicating 
factor  in  the  measurement  of  the  permittivity  is  the  existence  of  conducting 
charge  in  the  composite  materials.  As  a  consequence,  the  conduction  current 
(as  measured  by  the  conductivity  c)  and  the  displacement  current  (as 
measured  by  the  permittivity  e )  are  mixed  together  as  shown  in  the  equation 

7  x  IT  -  (cr  +  jue)  S  (5-4) 


where  w  is  the  angular  frequency.  The  measureability  of  the  permittivity 
then  depends  on  the  magnitude  of  the  material  conductivity. 


The  standard  ASTM  method  used  to  measure  permittivity  involves 
the  measurement  of  the  capacitance  of  a  composite  filled  capacitor.  Details 
of  the  measurement  process  are  given  in  Section  9.0  on  measurement,  test  and 
evaluation  and  in  the  references. W|4,6) 


The  relative  permittivity  e/c  (also  called  the  dielectric  con¬ 
stant  where  is  the  permittivity  of°free  space)  of  Kev lar/ epoxy »  graph¬ 
ite/epoxy  and  boron/epoxy  have  been  measured  from  D.C.  to  50  MHz'3/)  The 
results  are  tabulated  in  Table  5.2.  These  results  show  that  Kevlar/epoxy  is 
a  very  good  insulator  with  the  permittivity  essentially  a  constant  indepen¬ 
dent  of  direction  and  frequency.  The  range  of  valueB  reported  for  the 
Kelvar/epoxy  permittivity  are  attributed  to  variations  in  epoxy  chemistry. 


The  permittivity  of  graphite/epoxy  was  found  to  be  essentially 
unmeasurable  at  any  test  frequency  due  to  the  high  value  (10*  -  Ur 
mhos/m)  of  the  conductivity  in  any  direction  in  the  composite.'3/)  It 


has  been  estimated  that  the  permittivity  of  graphite/apoxy  will  not  be 
measurable  until  frequencies  are  of  the  order  of  10*2  h8,(4) 


The  permittivity  of  boron/ epoxy  falls  between  the  two  extreme 
cases  of  Kevlar/epoxy  and  graphite/ epoxy.  This  permittivity  was  found  to  be 
measurable  only  when  the  existing  fields  were  normal  to  the  direction  of  the 
composite  fibers.  In  thiB  case  the  permittivity  was  constant  and  frequency 
independent  from  D.C.  to  50  MHz.  The  permittivity  in  the  direction  parallel 
to  the  composite  fibers  proved  to  be  unmeasurable  due  to  high  fiber  conduc¬ 
tivity.'^'  Finally  the  permittivity  of  the  epoxy  resins  which  hold  the 
fibers  was  measured  from  D.C.  to  50  MHz  with  the  result  listed  in  Table  5.2 
for  1  MHz.  The  permittivity  of  the  epoxy  resin  was  found  to  be  independent 
of  direction  and  frequency  in  the  range  considered/3/) 

5.1.3  Conductivity 


In  this  section,  the  conductivity  of  Kevlar/opoxy ,  boron/ epoxy 
and  graphite/epoxy  composite  materials  is  discussed  in  detail.  Measured 


conductivities  are  given  for  Kevlar/epoxy  at  two  frequencies.  Conductivi¬ 
ties  for  boron/ epoxy  and  graphite/epoxy  are  reported  for  the  bulk  composite 
in  several  ply  orientations  as  well  as  for  the  constituent  fibers  and 
epoxy. 

5 . 1 . 3 . 1  Kevlar/Epoxy 

The  conductivity  of  several  samples  of  Kevlar/ epoxy  have  been 
investigated  to  a  limited  extent  as  a  function  of  frequency  and 
electric  field  strength. The  experimental  method  used  was  the  standard 
two-point  probe  method  specified  by  the  American  Society  for  Testing  and 
Materials  (ASTM).  Details  on  this  method  and  related  methods  can  be  found 
in  Section  9.0  on  Measurement.  Test  and  Evaluation  and  in  the  references.^' 
These  investigations  show  that  Kevlar/epoxy  conductivity  has  a  slight 
dependence  on  frequency  and  field  strength.  The  conductivity  decreases 
slightly  with  increasing  frequency  and  increases  slightly  with  Increasing 
field  strength.  The  results  are  also  independent  of  direction.  The  conduc¬ 
tivity  results  for  frequency  are  tabulated  in  Table  5.3  and  the  results  for 
field  strength  are  graphed  in  Figure  5.1.  Becauoe  of  the  apparent  insensi¬ 
tivity  of  the  conductivity  to  low  frequency,  high  frequency  conductivities 
have  not  been  investiaged  to  date. 

5. 1.3. 2  Boron/Epoxy 

Conductivity  studies  on  boron/epoxy  have  dealt  with  the  conduc¬ 
tivity  of  the  individual  boron  fibers,  of  the  epoxy  resin  matrix  holding  the 
fibers,  and  of  the  total  boron/epoxy  composite.  These  results  are  presented 
and  discussed  in  the  three  separate  sections  that  follow. 

5 . 1 . 3 . 2 . 1  Boron  Epoxy  Resins 

Samples  of  the  uncured  epoxy  resins  were  obtained  from  AVCO,  a 
maker  of  boron/epoxy  composite,  and  heated  as  ie  done  during  the  manufacture 
°£  composite.  The  conductivity  was  then  measured  at  a  frequency  of  1 
MHz'  '  The  result  is  listed  in  Table  5.4.  This  result  was  found  to  be 
frequency  and  direction  independent  in  the  range  D.C.  -  50  MHz. 

5. 1.3. 2. 2  Boron  Fibers^) 

Boron  fibers  used  in  boron/ epoxy  composite  materials  are  typically 
10“^cm  in  diameter.  Although  considerably  larger  than  graphite  fibers, 
boron  fibers  prove  hard  to  characterize  electrically  becuase  of  the  diffi¬ 
cult  in  fabricating  reliable,  low  resistance  ohmic  contacts  to  the  fibers. 
The  reasons  for  these  difficulties  lie  in  the  process  used  to  make  the 
fibers.  Boron  is  deposited  on  hot  tungsten  wire  (of  diameter  1.8  x  10”3Cm) 
in  an  atmosphere  of  hydrogen  (H2)  and  boron  chloride  (BClj).  The  boron 
reacts  with  the  tungBten  to  form  an  inner  core  of  boron-tungsten  compounds 
(such  as  WB^,  W2B5  with  poBsibly  some  free  tungsten)  surrounded  by  an 
outer  sheath  of  pure  boron.  The  details  of  the  process  are  proprietary. 

Great  care  ie  necessary  in  fabricating  the  electrical  contacts. 
Mounting  the  fiber  using  conducting  points  or  ink  gives  very  nonlinear,  even 
memory-displaying  V-I  characteristics.  One  successful  approach  is  to  plate 
nickel  contacts  onto  the  sheath  and  the  core  separately.  Linear  V-I  charac¬ 
teristics  result  and  it  is  possible  to  characterize  the  sheath  and  core  by 
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conductivities  together  with  an  effective  fiber  conductivity.  These  conduc¬ 
tivities  are  given  In  Table  5.4.  Boron  fibers  conductivities  are  seen  to  be 
very  anisotropic  with  most  of  the  current  confined  to  the  inner  core  of  the 
f iber. 


5. 1.3. 2. 3  Boron/Epoxy  Composite 

There  have  been  several  investigations  on  tho  conductivity  of 
boron/ epoxy  with  varying  results.  One  set  of  effective  conductivities  was 
obtained  during  an  investigation  of  the  shielding  effectiveness 
of  advanced  campoair.es.  The  shielding  data  becomes  consistent  with  shield¬ 
ing  theory  provided  the  effective  conductivity  of  boron/epoxy  ia  taken  as 
10  mhos/a  at  low  frequencies  (50  kHz-70  MHz)  and  100  mhos/m  at  high 
frequencies  (100  MHz-18  GHz).  These  boron/epoxy  test  speciaents  range  from 
1-ply  to  8-ply  and  involve  several  ply  orientations  as  listed  in  Table  5.5. 
Preliminary  investigation  reported  by  Allen  et.el.^'  on  samples  of  AVC0 
Rigidite  5505  Boron/epoxy  over  a  frequency  range  from  D.C.  to  50  MHz  (given 
in  Table  5.6)  tend  to  confirm  these  results.  More  recent  work  involving 
great  care  in  forming  ohmic  contacts  using  thin  nickel-plated  films  onto 
abraded  edges  of  boron/epoxy  has  resulted  in  revised  figure*  for  the  longi¬ 
tudinal  conduct ivitias  of  multiply  unidirectional  samples. Thsse 
results  are  given  in  Table  5.7.  They  show  conductivity  much  higher  than 
previously  reportad  with  an  average  of  about  1000  mhos/m.  Included  for 
comparison  in  Tabls  5.7  la  a  unidirectional  conductivity  value  (cwh) 
obtained  by  Walker  and  Heintz'5'  using  a  standing  wave  pattern  on  e 
•lot tad  atrlpline  at  a  frequency  of  2  GHz.  This  conductivity  value  is 
significantly  higher  than  values  obtained  by  other  methods  and  does  not 
depend  on  ohmic  contact  a  mad*  to  the  composite.  The  basic  conclusion 
reached  by  Gajda^)  was  that  the  longitudinal  conductivity  of  boron/epoxy 
la  about  1000  mhoe/m  while  the  transverse  conductivity  is  about  2x10"® 
mhos/m.  The  large  anisotropy  in  conductivity  Is  explained  by  the  lack  of 
f ib*r-to-fib#r  contact  (confirmed  by  optical  micrographs)  in  boron/epoxy. 
Little  dependence  on  frequency  wee  observed  for  low  frequency  conductivi¬ 
ties,  however  the  high  conductivity  value  obtained  by  Walker  and  Helntz  at  2 
GHz  ralaas  the  possibility  of  significantly  higher  conductivities  at  fre¬ 
quencies  higher  than  50  MHz. 


5. 1.3. 3  Graphita/Epoxy 

Conductivity  meaauremanta  have  been  paformed  on  the  epoxy  resins 
and  graphite  fibers  used  in  making  graph! ta/apoxy  aa  wall  as  on  the  compos¬ 
ite  material  itself.  These  results  are  presented  in  5. 1.3. 3.1  -  5. 1.3. 3. 3. 

5. 1.3. 3.1  Craphlte/Epoxy  fibers 

The  electrical  characteristics  of  individual  graphitt  fibers  have 
been  studies  for  one  fiber  type  -  Thornel  T300  which  Is  found  in  Nsrmco  5208 
pre-preg  tapes. (2, 4)  Soma  variation  in  conduct ivitiss  is  to  be  expected  In 
fibers  produced  by  different  companies. 


The  fiber  tows  were  unwound  and  cleaned  with  solvent  and  mounted 
on  glass  elides.  Ohmic  contact  wee  made  with  conductive  ink.  All  fiber 
displayed  linear  V-l  characteristics  up  to  fields  of  4000  volts/m.  Non- 


linear  characteristics  were  also  observed  and  these  results  are  given  in 
Section  5.5  on  nonlinear  properties  of  composites.  Conductivities  of  a  60 
fiber  sample  are  listed  in  Table  5.8.  These  results  indicate  that  graphite 
fibers  may  be  classed  as  reasonably  good  conductors  with  an  average  conduc¬ 
tivity  of  2  x  10^  mhos/m.  Fibers  with  conductivities  of  2  x  10^  mhos/m 
nave  also  been  reported.'^'  Because  of  their  high  conductivity,  the 
permittivity  of  the  graphite  fibers  could  not  be  measured  in  the  frequency 
range  D.C.  -  50  MHz.  All  measurements)  were  done  at  D.C.  but  it  was  verified 
that  the  conductivities  of  graphite  fibers  are  Independent  of  frequency  in 
the  range  D.C.  -  50  MHz. 

5 . 1 . 3 . 3 . 2  Epoxy  Resins 

The  resins  used  in  graphite/epoxy  had  similar  electrical  permit¬ 
tivity  and  conductivity  as  was  given  for  boron/epoxy  resins.  The  permittiv¬ 
ity  is  listed  in  Table  5.2  and  the  conductivity  in  Table  5.4. 

5. 1.3. 3. 3  Graphita/Epoxy  Composites 

There  have  been  several  Investigations  into  the  conductivity  of 
graphite/epoxy  as  a  function  of  frequency.  One  set  of  measurements  was  done 
by  Gajda'2*)  in  the  frequency  range  D.C.  -  50  MHz.  The  details  of  the 
measurement  process  are  described  in  Section  9.0  Measurement,  Test  and 
Evaluation  and  in  the  ref trances. The  results  are  illustrated  In 
Figures  5.2  -  5.4.  Figure  5.2  is  a  plot  of  conductivity  vs  frequency  for 
multiply  laminates  for  the  case  of  the  existing  field  parallel  to  the  0° 
fibers.  Figure  5.3  is  a  plot  of  conductivity  vs  frequency  for  unidirection¬ 
al  graphite/epoxy  samples  with  the  existing  field  parallel  to  tha  fibers. 
Figure  5.4  is  a  plot  of  conductivity  vs  frequency  for  multiply  samples  with 
the  field  normal  to  the  0°  fibers.  The  conductivity  for  ell  samples  is 
essentially  constant  below  5  MHz  after  which  it  may  incraasa  or  decrease 
slightly.  A  combination  of  skin  effect  and  inductive  and  capacitative 
coupling  between  fibers  hao  been  used  to  explain  and  model  this  effect. 

Higher  frequency  conductivity  data  has  been  reported  by  Walker  and 
Heintz^*'  for  unidirectional  samples  of  graphite/epo::y  with  the  field 
parallel  to  the  fibers.  The  measurement  apparatus  used  was  a  slotted  strip 
line  with  the  conductivity  being  extracted  from  the  standing  wave  data. 
Details  are  given  in  Section  9.0  on  Measurement,  Tost  and  Evaluation  and  in 
the  ref erencea.'^)  The  results  are  plotted  in  Figure  5.5.  Included  for 
comparison  are  conductivities  of  aluminum,  boron/epoxy  and  transverse 
conductivity  of  the  graphlte/epoxy  at  selected  frequencies.  All  conductivi¬ 
ties  were  computed  by  the  same  stripline  method.  These  results  are  particu¬ 
larly  Important  because  these  measurements  are  essentially  free  of  the 
electrical  contact  ambiguities  present  in  other  measurements. 

A  further  Investigation  of  the  conductivity  of  graphite/epoxy  was 
undertaken  by  Boeing  Corp.'''  Boeing  measured  the  free  space  transmis¬ 
sivities  of  2-ply  (0,90)  and  4-ply  (0,145,90)  samples  made  from  Hercules  AS 
3501-6B  material  over  the  frequency  range  1.0  -  18  GHz.  Measurements  were 
taken  using  an  anechoic  chamber  test  system  described  in  detail  elaewhere. 

The  transmission  data  was  umoothed  using  least  squares  method  and  the 
conductivity  extracted  frar  the  data  using  standard  theory.  The  results  are 
shown  in  Figure  5.6  for  bulk  conductivity  (fields  penetrating  the  material) 
and  Figure  5.7  for  surface  conductivity  (fields  propagating  parallel  to  the 
surface).  Surface  conductivity  data  was  taken  using  waveguide  methods. 
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Pltur*  3.4 


All  existing  conductivity  data  Indicates  that  graphlte/epoxy  Is  a 
good  conductor  even  In  the  direction  transverse  to  the  fibers.  The  conduc¬ 
tivity  Is  nearly  constant  for  low  frequencies  and  generally  decreases  as  the 
frequency  increases.  The  relatively  large  value  of  the  conductivity  perpen¬ 
dicular  to  the  fiber  direction  '  'irect  result  of  the  high  flber-to-f iber 
contact  (obeervable  by  optic.  s^ph)  in  graphite/epoxy  composite.  This 

contact  is  a  consequence  of  me  manufacturing  process  in  which  large  numbers 
of  individual  fibers  are  wound  together  to  make  a  tow  which  is  then  im¬ 
planted  In  the  composite. 

5.1.4  Resistivity 

A  few  limited  measurements  of  the  resistance  of  graphite/epoxy 
laminates  have  been  reported  by  Boeing.^ ')  All  measurements  were  made  at 
a  frequency  of  1  kHz. 

The  edge-to-edge  resistivity  of  16-ply  and  32-ply  laminates  was 
measured  with  the  results  listed  in  Table  5.9.  The  epoxy  surface  coating 
was  removed  from  the  edges  and  copper  contacts  deposited  by  plating. 

The  volume  resistivity  of  4-ply,  16-ply  and  32-ply  laminates  was 
also  measured  using  a  pressure  contact  method.  The  resistance  was  measured 
as  a  function  of  pressure  until  linear  slope  was  obtained.  Such  a  slope  was 
presumed  to  indicate  a  good  electrical  contact.  The  resistance  at  zero 
pressure  was  then  determined  by  extrapolation.  The  resulting  resistivities 
are  given  in  Table  5.10. 

It  proved  impossible  to  uniquely  define  a  surface  resistivity  at 
1  kHz  for  the  laminates  used.  At  this  frequency  the  skin  depth  or  penetra¬ 
tion  of  the  radiation  is  far  larger  than  the  laminate  thickness.  All 
"surface"  resistances  are  then  actually  volume  resistances  and  show  the 
expected  increase  in  resistance  with  laminate  thickness. 

5  •  2  Improvement  of  Intrinsic  Parameters 

This  section  describes  the  methods  currently  in  use  to  improve  the 
EM  performance  of  composite  materials  by  changing  the  intrinsic  properties 
of  the  composite.  All  methods  fall  under  the  general  headings  of  doping  of 
the  composite  fibers  and  intercaltion  of  the  composite  layers.  Most  efforts 
to  date  have  concentrated  on  increasing  the  composite  conductivity  in  order 
to  better  approximate  the  properties  of  a  metal.  The  basic  constraint  that 
must  be  observed  in  any  method  of  changing  the  intrinsic  EM  properties  of  a 
composite  is  that  the  mechanical  properties  should  not  be  degraded  in  the 
process.  This  immediately  rules  out  increasing  f iber-to-f iber  contact  in  a 
composite  to  increase  the  conductivity  because  microbuckling  in  the  compos¬ 
ite  will  greatly  increase  and  the  mechanical  strength  will  correspondingly 
decrease. Coating  the  fibers  with  metallic  sheaths  to  increase  conduc¬ 
tivity  and/or  permeability  is  ruled  out  for  similar  reasons  and  for  adding 
an  unacceptable  weight  penalty.  Other  methods  are  required  and  are  dis¬ 
cussed  in  the  following  sections. 

5*2.1  Doping 

In  semiconductor  physics,  doping  Is  the  process  of  adding  careful¬ 
ly  controlled  amounts  of  inpurities  to  certain  semiconductor  crystals  in 
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order  to  increase  electron  and  hole  densities  and/or  mobilities.  The 
conductivity  will  then  be  increased,  possibly  by  many  orders  of  magnitude. 
In  the  cases  of  graphite  (crystallized  carbon)  and  boron,  their  positions  in 
the  periodic  chart  of  the  elements  makes  them  fairly  good  candidates  for 
semiconductors.  Some  supporting  evidence  iB  available  to  support  this 
statement.'2!*) 


However,  most  semiconductor  activity  depends  on  a  high  degree  of 
crystalline  order.  While  most  details  of  the  manufacturing  process  of 
composite  fibers  are  not  available,  most  fibers  are  not  ordered  crystals  and 
consequently  conductivity  improvements  by  doping  techniques  can  be  expected 
to  be  lass  than  for  crystalline  semiconductors.  More  attention  could  be 
given  to  the  fiber  manufacturing  process  in  order  to  optimize  the  efficiency 
of  the  doping  process. 

A  thermal  diffusion  process  was  investigated  by  Gajda^2)  to 
assess  in  a  preliminary  manner  the  effects  of  doping  on  graphite  and  boron 
fibers.  The  details  of  the  diffusion  process  are  described  i,n  Section  9.0 
on  Measurements,  Testing  and  Evaluation  and  in  the  ref erences. *> 2) 

One  set  of  experiments  involved  using  borosllicate  compounds  and 
boron  nitride  (BN)  as  the  impurity  for  graphite  fibers.  The  semiconductor 
process  is  the  doping  of  graphite  with  boron.  The  experiments  were  carried 
out  at  temperatures  up  to  1200°G  and  for  as  long  as  20  hours.  A  second 
set  of  experiments  using  improved  equipment  was  performed  at  a  temperature 
of  2800°c.  The  results  are  shown  in  Figure  5.8. 

For  the  lower  temperature  case,  conductivities  were  not  increased 
more  than  a  factor  of  five  even  after  20  hours  of  baking  in  the  diffusion 
oven.  At  the  higher  temperature  conductivity  increased  by  a  factor  of  50 
with  some  fiber  conductivities  reading  10^  mhos/m. 

Only  a  few  experiments  were  done  with  boron  doped  with  carbon  due 
to  the  difficulties  with  proper  ohmic  contacts.  The  first  experiments  were 
run  at  1000°  -  1200°C  for  up  to  20  hours.  The  results  are  given  in 
Figure  5.9  and  show  significant  increases  in  conductivity. 

5.2.2  Intercalation^"!^) 

One  procedure  that  holds  great  promise  for  increasing  the  conduc¬ 
tivity  of  graphite/ epoxy  composite  is  the  intercalation  of  graphite  fibers 
with  various  metallic  or  nonmetallic  molecular  species.  The  intercalation 
process  is  very  much  dependent  for  its  success  upon  the  physical  and  chemi¬ 
cal  properties  of  graphite. 

Pure  graphite  is  a  crystallized  form  of  carbon  whose  crystal 
structure  is  shown  in  Figure  5.10.  All  the  carbon  atoms  are  hexagonally 
packed  into  individual  planar  layers.  The  intraplane  chemical  bonds  holding 
the  carbon  atoms  in  a  given  plane  are  sp2  hybridized  o-type  bonds  and  are 
quite  Btrong.  These  bonds  give  the  planar  layer  a  high  degree  of  stability 
and  order.  The  various  carbon  planes  are  then  stacked  on  tope  of  each  other 
in  an  ABAB .. .sequence  as  shown  in  Figure  5.10.  The  interplane  chemical 
bonds  holding  the  carbon  planes  together  are  Tr-type  bonds  and  are  weak 
compared  to  the  intraplane  a-bonds.  Because  the  interplane  bonds  are  weak, 
it  is  possible  to  Insert  various  chemical  species  between  the  carbon  lay  rs 
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to  form  what  are  called  Intercalation  compounds.  The  composition  of  these 
compounds  Is  described  by  stage,  the  definition  of  which  is  portrayed  in 
Figure  5.11. 

The  molecular  species  used  in  the  intercalation  process  are  char¬ 
acterized  as  electron  donors  or  acceptors.  Donors  are  typically  metals 
usually  from  Group  I  in  the  periodic  table  (the  alkali  metals).  Common 
choices  are  potassium,  cesium,  rubidium  and  lithium.  In  addition,  many 
additional  compounds  that  also  act  as  donors  can  be  formed  from  these  metals 
together  with  hydrogen  and  aromatic  molecules  such  SB  benzene  and  toluene. 
Acceptors  are  usually  nonmetallic  compounds  such  as  bromine,  sulphuric  acid, 
nitric  acid  and  halide  and  oxide  compounds.  The  intercalation  of  the 
graphite  fibers  is  easily  accomplished  by  simple  exposure  of  the  fibers  to 
the  liquid  or  vapor  of  the  intercnlant. 

A  11b t  of  conductivities  for  selected  acceptor  and  donor  inter¬ 
calated  graphite  compounds  is  glvsn  in  Table  5.11  together  with  the  conduc¬ 
tivities  of  pur  graphite  and  various  metal  conductors.  Compared  to  graph¬ 
ite,  donor  intercalated  graphite  increased  the  Interplane  conductivity  by  a 
factor  of  six  to  eight  while  for  acceptor  intercalated  graphite,  the  in¬ 
crease  was  a  factor  of  fifteen  or  more.  Intraplane  conductivities  are 
increased  for  donor  compounds  and  decreased  for  Acceptor  compounds.  Conduc¬ 
tivities  of  acceptor  intercalated  graphite  are  comparable  and  even  superior 
to  conductivities  of  copper,  aluminum  and  silver. 

Less  dramatic  results  are  obtained  when  commercially  available 
graphite  fiber  is  intercalated  because  the  conductivity  of  such  fibers  is 
one  to  two  orders  of  magnitude  below  the  intraplana  conductivity  of  pure 
graphite  (see  Table  5.8).  The  fiber  may  be  viewed  as  a  highly  defective 
graphite  crystal  having  lower  electron  mobility  and  hence  lower  conductiv¬ 
ity.  Conductivities  of  typical  3-ply  graphita/epoxy  laminates  with  and 
without  Intercalated  fibers  are  shown  in  Figure  5.12  aa  a  function  of  fiber 
content.  For  a  given  fiber  filling  factor,  the  intercalated  composite  is 
about  u  factor  of  twenty  to  forty  times  higher  than  the  regular  composite. 
These  results  suggest  that  more  attention  should  be  given  to  the  manufactur¬ 
ing  process  of  graphite  fibers  to  attain  aa  high  a  conducting  fiber  as 
possible . 


An  Important  tradeoff  to  be  considered  is  the  affect  of  intercala¬ 
tion  on  the  graphlte/epoxy  mechanical  properties.  Reports  of  no  decrease 
and  significant  decrease  in  tensile  strength  and  elastic  modules  have  been 
made  in  the  literature  ^)  depending  on  the  intercalation  process  used. 
It  is  also  possible  to  enhance  certain  mechanical  properties.  Table  5.12 
shows  the  results  of  Intercalating  Thornal  75  graphite/fibers  with  red, 
fuming  nitric  acid  (HNO3),  There  was  a  17X  average  decrease  In  tensile 
strength  and  a  69%  average  increase  in  eleastic  modulus.  The  tensile 
strength  is  sensitive  to  micro  defects  in  the  fibers  which  act  aa  concentra¬ 
tors  of  stress.  Fuming,  red  nitric  acid  etches  out  surface  Impurities 
leaving  voids  in  the  fiber  which  act  as  defects.  The  elastic  modulus  Is 
sensitive  to  the  crystal  perfection.  Intercalation  serves  to  reorder  the 
ABAB. . .graphite  crystal  pattern  to  AAA. . .on  either  side  of  the  intercalated 
layer.  The  result  is  a  greater  crystal  perfection  and  a  higher  modulus. 


* 
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Tabla  5.11  Conduotivitlaa  of  lalactad  Donor  and  Acceptor 
Intercalated  (liuphita  Coapcunda  Compared  to 
Fure  Graphite  and  Canaan  Metale'*' 


Compound 

and 

Stage 


Inttrplana 

Conductivity 

o.tmhoa/m) 


Intranlana 

H  ftSSM9 


Tabla  5.12  Changae  in  Mechanical  Froperciee  of  Tbornal 

7)  Graphite  Fibara  aftar  Intercalation  with  HHOj 


Saiapla 

Conductivity 

(ahoa/n) 

Teneiie  Strength 
_ (l»alL 

Modulua 

_ <P*1) _ 

Initial 

Final 

Initial 

Final 

Initial 

Final 

1. 

1.3x10s 

1.4x10s 

4.5x10s 

2.5x10* 

82x10* 

49x10* 

2 1 

1.7x10s 

1.3x10* 

4.0x10s 

3  iBxlO5 

45x10* 

108x10* 

3, 

1.5x10s 

1.1x10* 

2 . 6x10s 

2.3x10s 

42x10* 

92x10* 

hr 

5.3  Thermal  Modification  of  EM  Intrinsic  Parameters 


A  preliminary  investigation  on  the  temperature  dependence  of 
conductivity  has  been  done  by  Gajda.'2)  Ho  work  on  the  temperature  de¬ 
pendence  of  the  permittivity  or  permeability  has  been  found. 


5*3.1  Conductivity 

Since  graphite  and  borom  display  semiconductor  behavior  to  some 
extent,  it  is  useful  to  display  a  conductivity  vs.  temperature  curve  for  a 
typical  semiconductor.  Such  a  curve  is  shown  in  Figure  5.13  and  is  composed 
of  three  regions:  intrinsic,  extrinsic  and  freeze  out.  In  the  intrinsic 
region,  the  thermally  generated  charge  carriers  are  large  in  number  compared 
to  the  carriers  of  the  impurity.  There  is  an  exponential  dependence  on  the 
rudprooal  of  the  absolute  temperature.  The  extrinsic  region  is  character¬ 
ized  by  the  thermal  charge  carriers  being  few  compared  to  the  impurity 
charge  carriers*  The  freeze-out  region  begins  typically  at  100°  and  la 
not  considered  significant. 


Preliminary  studies  wsre  mads  with  boron  fibers  whose  resletsnce 
was  measured  as  s  function  of  temperature.  In  termB  of  resistance  R,  the 
conductivity  0  is  given  by 


R  - 


(3.4) 


where  v  depends  on  the  fiber  geometry  and  is  essentially  constant  (neglect¬ 
ing  thermal  expansion  effects).  Ths  results  are  shown  in  Figure  5.14  and 
show  boron  to  be  in  the  intrinsic  range. 

5 . 4  Environmental  Modification  of  EM 

Intrinsic  Parameters 

A  limited  investigation^2 )  of  the  effects  of  moisture  on  the  EM 
properties  of  composite  materials  is  given  in  this  section. 

5.4.1  Moisture 


Because  of  the  anticipated  exposure  of  composites  to  high  temper¬ 
atures  and  high  humidities  (e.g.,  in  tropical  environments),  it  is  important 
that  the  effects  of  moisture  on  composites  be  studied.  Most  moisture 
studies  have  been  concerned  with  its  effect  on  the  mechanical  properties. 
One  study  of  the  effects  of  moisture  on  conductivity  of  composites  has  been 
done  by  Gajda.'2) 

Samples  of  Kevlar/epoxy,  boron/ epoxy  and  graphite/epoxy  were  im¬ 
mersed  in  distilled,  deionized  water  for  up  to  40  days  (to  simulate  a  "worst 
case"  humidity)  and  their  conductlvites  measured.  No  changes  in  Kevlar/ 
epoxy  or  boron/ epoxy  were  found  for  any  direction  of  the  current.  For 
unidirectional  samples  of  graphite/epoxy  (the  only  samples  measured)  changes 
in  conductivity  were  found  to  occur  only  in  the  transverse  direction.  There 
was  a  fairly  large  decrease  in  conductivity  found  and  the  results  are  shown 
in  Figure  5.15.  One  possible  explanation  for  this  behavior  is  that  the 
major  mechanical  effect  of  the  absorbed  water  is  expansion  of  the  epoxy  and 
a  reduction  in  f iber-to-f iber  contact.  The  transverse  conductivity  thus 
decreases . 
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Figure  S. 13  Typical  Conductivity -Temperature 
Profile  for  a  Semiconductor* 


5.5 


Nonlinear  Effacti 


A  limited  investigation  on  high  field  conduct ivites  of  graphite/ 
•poxy  is  given  in  this  taction. 

5.5.1  Hlgh-Flald  Effacta 

Nonlinaar  thresholds  for  unidiractional  samples  of  Naraco  5213 
single  ply  laminates  have  bean  determined  at  D.C.  The  volt  age -cur  rant 
characteristics  were  determined  in  the  longitudinal  and  transverse  direc¬ 
tions.  All  current  was  confined  to  the  surface.  The  voltage-current 
characteristics  are  given  in  Figure#  5.16  and  5.17  while  the  nonlinear 
thresholds  are  listed  in  Table  5.13.  In  the  longitudinal  case,  the  current 
is  linear  up  to  the  threshold  at  which  time  the  current  is  grnater  than  a 
linear  response.  In  the  transverse  case  the  current  is  lets  than  a  linear 
response  after  the  threshold  la  passed.  The  transverse  nonlinearity  is 
explained  as  local  ohmic  heating  causing  a  decrease  in  f iber-to-f iber 
contact  and  a  subsequent  drop  in  conductance.  No  explanation  Is  available 
for  the  lingitudinal  nonlinearity. 
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6.0  EXTERNAL-TO-INTERNAL  COUPLING 

In  this  chapter,  electromagnetic  shielding  by  advanced  composite 
materials  is  presented  in  detail  from  both  a  theoretical  and  measurement 
point  of  view.  The  shielding  data  is  presented  for  both  low  and  high 
frequency  situations. 

A  brief  theoretical  discussion  of  joint  and  aperture  coupling  is 
also  presented  along  with  measured  Joint  admittance  for  three  common  compos¬ 
ite  joints. 

6 . 1  Airframe  Shielding  Effectiveness 

In  this  section,  the  shielding  effectiveness  to  be  expected  from 
composite  airframes  is  presented  both  in  theory  and  with  measured  valueB 
from  composite  structures.  A  general  theory  of  shielding  is  given  in  Sec¬ 
tion  6.1.1  for  very  general  composite  structures.  Section  6.1.2  then 
presents  measured  values  for  shielding  effectiveness.  Finally  a  brief 
discussion  is  given  on  composite  and  metallic  weight-shielding  tadeoffs. 

6.1 .1  Shielding  Effectiveness  -  Theoretical  Considerations 

Composite  airframes,  equipment  boxaB,  etc.,  generally  afford  less 
EM  shielding  than  do  their  metal  counterparts.  The  shielding  effectiveness 
of  composite  enclosures  is  generally  a  function  of  enclosure  shape  and  In¬ 
ternal  complexity  (e.g.,  devices,  tables,  support  structures)  as  well  aB  the 
composite  thickness,  and  constitutive  parameters,  and  frequency  and  direc¬ 
tion  of  excitation  and  source  location  and  type.  In  this  Beet  ion  a  general 
discussion  of  shellding  effectiveness  for  composite  airframeB  is  presented. 

Shielding  effectiveness,  for  plane  wave  penetration  of  an  infinite 
flat,  isotropic,  homogeneous  material  with  identical  media  on  either  side, 
haa  been  defined  by  Scholkunoff  as  vl,2) 

S  -  -20  log|T|  (6-1) 

where  T  is  the  normal  Incidence  transmission  coefficient  derived  by  Schel- 
kunoff  from  analogy  with  transmission  line  theory  as 


T  -  .isi,  (i-  c'2,WM  (6-2) 

(n+ir  Cn+ir 


where 

u  -  n/n  or  n  /n 

O  0 

n  ■  wave  Impedance  in  shield 

H0  "  free  space  wave  impedance  either  side  of  shield 

t  m  complex  propagation  constant  of  shield  ('j-jk  where  k  is 
the  complex  wavenumber  of  shield) 


d  -  shield  thickness 


Schelkunoff  also  cons  Ida  rad  shields  composed  of  n  cascaded  homogeneous 
layers  of  differing  material. '2' 


Equation  (6-1)  with  T  given  by  (6-2)  h<iB  been  shown  by  Moser^) 
and  Bannister  (3)  to  yield  good  agreement:  with  both  experiment  And  an 
approximate  vector  wave  equation  solution  Cor  the  low  frequency  shielding 
effectiveness  of  a  highly  conducting  shield  excited  and  observed  by  uniform 
current  source  loops  as  shown  in  Figure  6.1  For  this  agreement,  ri0“JuuQK/3 
where  w  la  the  radian  frequency  and  i  is  th"  free  space  permeability* 
z<<d,  z>>a,  z<<  \  air,  d,  must  exceed  two  shield  skin  depths,  and  z  must 
exceed  ID  times  the  shields  skin  depth  divided  by  its  relative  permeability. 


At  higher  frequencies  a  source  field  often  can  be  decomposed  into 
a  relatively  few  significant  plane  wrves,  and  transmission  analysis  per¬ 
formed  on  each  component  wave  in  assessing  shielding  effectiveness. 

Relations  predicting  plane  wive  transmission  through  planar  com¬ 
posite  shields,  therefore!  ara  highly  useful.  It  is  desirable  that  thaae 
relations  apply  to  oblique  incidence  excitation  and  shields  composed  of 
layers  of  homogeneous  anisotropic  material.  These  relations  aro  derived  in 
the  following  section  in  a  general  transmission  parameter  framework.  The 
transmission  parameters  are  defined  below  in  Section  6. 1.1. 2  (Equation  6-11) 
and  provide  the  transmission  coefficient  T,  as  defined  above,  immediately 


«.21  t12 

M  T1 


Since  T12  -  -T21  and  it  can  be  shown  that  T11  T22  +(T12)2  -  1 


1  1 
it  follows  that 


1  1  1 


T  "  t~27 

and,  from  (6-1) 


S  -  +  20  log | T2 2 | 
1 


VV  * 


icoti  \\y 
soviet  }\ 


loot  I 
oistmriON 
POINT 


Fig.  6k.  1  Conxlal  loops  separated  by  mi  Infinite  plate. 

Fig.  6.1.  Coaxial  Loops  Separated  By  An  Infinite  Plate. 


6 . 1 . 1 . 1  Plane  Wave  Excltltlon  of  Cascaded  Composite  Layers 


Plane  wave  penetration  through  and  reflection  from  homogeneous 
layers  of  composite  material  will  be  analysed  in  this  section*  The  layers 
are  of  varying  thickness  in  the  cascaded  dimension.  Each  layer  is  homogen¬ 
eous;  however,  the  constitutive  parameters  and  thicknesses  may  differ 
between  layers.  Expressions  are  derived  for  anisotropic  layers  as  Wull  as 
for  Isotropic  layers  and  for  oblique  incidence  excitation  aa  well  aB  for 
normal  incidence  excitation. 

The  transmission  parameters  are  employed  because  they  lead 

naturally  to  a  cascading  of  any  number  of  layers  and  because  they  deal 
directly  with  Incident  and  scattered  E-fields  rather  than  total  E-  and 
H-fields.  Alien,  et.al.,^)  derived  equivalent  expressions  in  a  less 
direct  manner  using  the  ABCD  chain  parameters  for  the  cascading  property  and 
transforming  the  overall  ABCD  parameters,  relating  total  E-  and  H-fields  on 
either  side  of  the  multilayer  composite,  to  scattering  parameters.  The 
isotropic  esse  and  anisotropic/normal  incidence  case  are  considered  in 
Reference  (5);  the  anisotropic/oblique  incidence  case  will  be  treated  in  a 
later  report  '*>) ,  The  transmission  parameter  treatment  reported  here  is 
similar  to  that  of  Collin. 

6 .1.1 .2  Isotropic  Layers/Normal  Incidence 

A  homogeneous,  isotropic  composite  layer  of  infinite  extent  in  the 
x  and  y  directions  and  width  d  in  the  z  direction  is  shown  in  Figure  6.2. 
The  medium  conductivity  a,  permittivity  e,  and  permeability  y  are  related  to 
the  medium  complex  wave  number  kj  and  complex  wave  Impedance  by 

k  j  ■  /"Ow'tO  (a  + juiif  (6-3) 


where  a)  is  the  radian  frequency. 

The  field  quantity  superscripts  i  or  r  denote  "incident"  or  "reflected" 
respectively.  The  field  quantity  subscripts  a,  b,  or  l  denote  that  the 
field  medium  is  free  space  to  the  "left"  of  the  composite  (z<0),  is  free 
space  to  the  "right"  of  the  composite  (z>d),  or  the  composite  (o<*<d) 
respectively.  The  subscript  0  or  1  on  media  quantities  (k,  n  ,  e,y,o 
)  denote  "free  space"  or  "composite"  reopectively.  The  E-fieldB  are  given 
by 
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whore  indicates  "unit  vector;41  The  corresponding  ll-flelds  tluit 
satisfy  the  source  free  Maxwell  equations  uro 
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Figure  6.2  Normal  Incidence  of  •  Singls  Isotropic 
Composite  Layer 
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where  the  y  coordinate  direction  is  given,  as  usual,  by  y  -  z  x  x  ("out  of 
the  page"  in  Figure  6.2). 


The  boundary  conditions  at  t  ■  0  and  z  -  d  are  continuity  of  total 
tangential  E-  and  H-fields.  In  combination  with  (6-5)  -  (6-10)  these 
conditions  yield  the  matrix  equation 


All  Pi'!1  T}2 


t2]  t22 
‘I  *1 


(6-11) 


relating  A^  and  Aa  coefficients.  In  (6-11),  the  "transmission  coefficients" 
are  given  by 


11  (l^nTi ) 2  d  d-hi)  Jk,d, 
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Consider  a  second  composite  layer  located  in  the  z>d  region.  The 
field  incident  on  this  second  layer  is  and  the  field  reflected  is  . 
This  natural  "cascading"  trait  is  why  a£  is  ordered  ahead  of  in  (6-11). 
From  (6-5),  (6-6),  and  (6-11),  it  is  immediately  apparent  that  for  the  cas¬ 
cading  of  n  isotropic  composite  layers  between  z*0  and  z“d  (Figure  6.3)  the 
Region  a  and  Region  b  fields  are  given  by  (6-5),  (6-6),  (6-8)  and  (6-9) 


The  layer  transmission  parameters  In  (6-13)  are  given  by 
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where  ii^  ■  n j/hq  . 


where 


6 . 1 . 1 . 3  Isotropic  Layers/Oblique  Incidence 

The  transmitted  and  reflected  fields  excited  by  plane  waves  ob¬ 
liquely  incident  on  a  planar,  isotropic  medium  are  analysed  by  decomposing 
all  fields  into  two  decoupled  "modal"  fields.  Let  the  normal  to  the  medium 
and  the  propagation  direction  of  the  incident  wave  form  the  "incidence 
plane"  (plane  of  the  paper  in  Figure  6-4).  One  mode  la  characterised  as 
having  an  H-field  normal  to  the  incidence  plane  and  the  other  as  having  an 
E-field  normal  to  the  incidence  plane.  All  obliquely  Incident  fields  can  be 
analysed  by  decomposition  into  these  two  modes.  Each  modal  component  can  be 
analyzed  separately  (they  "decouple")  only  for  isotropic  media  in  general. 
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Figure  6.4  Oblique  Incidence  Excitation  of  n  leotroplc 
Composite  Layers. 


o.l.  1.3.1  H -Field  Normal 

The  E-flelds  incident  and  reflected  on  the  layered  composite  of 
Figure  6-4  are,  for  the  H-field  normal  to  incidence  plane  mode,  given  by 
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for  z<()  (Roglou  u)  and  by 
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for  z>d  (Region  b).  The  fields  in  each  composite  layer  are  constrained  to 
having  the  same  x  variation.  Then,  the  boundary  condition  of  continuity  of 
tangential  components  of  total  E-field  and  total  H-field  across  each  inter¬ 
face  boundary,  and  the  cascading  property  of  the  transmission  parameters 
yielde  (6-13)  with  the  1th  layer  transmission  parameters  Tt  now  given  by 
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6. 1.1. 3. 2  E-F,lald  Normal 

The  Region  a  and  Region  b  Incident  and  reflected  E-fields 
E-fleld  normal  to  the  Incidence  plane  mode  tAke  the  form 
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for  *>d.  The  A  coefficients  are  related  again  by  (6-13)  with  the 
given  by 
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Note  that  (6-17)  with  replaced  by  1/v^  yields  (6-20). 


b .  1 . 1 . 4  Anisotropic  Laye re /Normal  Incidence 


Consider  a  homogeneous  composite  layer  with  anisotropic  conductiv¬ 
ity  o  and  permittivity  c  ,  and  isotropic  permeability  y.  The  composite 
fiber  directions  determine  the  principal  constitutive  coordinates  (x'»  y', 
z).  These  coordinates  are  assumed  to  diagonalize  both  the  and  tensors, 
and  the  z  axis  is  normal  to  the  fiber  directions  and  alao  the  composite 
plane  as  in  Figure  6.2. 

The  x'  and  y'  coordinates  are  related  to  the  x  and  y  coordinates 
of  Figure  6.2  (y  is  directed  out  of  the  page)  by  the  rotation  angle  $  shown 
in  Figure  6.5.  The  principal  components  of  complex  wave  number  and  rela¬ 
tive  complex  impedance  are  given  respectively  by 


kp  “  jwp  (.Op  +  juCp) 

Tfp  -  ~  ^Wtyjwcp) 


where  p  -  x '  or  y ' . 

The  anlstropy  generally  results  in  coupling  between  x  polarized 
normally  incident  fields  and  y  polarized  reflected  and  transmitted  fields. 
However,  x'  polarized  normally  Incident  fields  yield  only  x'  polarized  re¬ 
flected  and  transmitted  fields.  Also,  y'  polarised  normally  incident  fields 
yield  only  y'  polarized  reflected  and  transmitted  fields.  The  approach 
taken  here  for  obtaining  the  normal  incidence  trensmiesion  parameters, 
therefore,  is  similar  to  that  employed  by  Allen  whereby  the  transmis¬ 
sion  parameters  of  normally  Incident  and  reflected  fields  are  expressed  as 
linear  combinations  of  the  transmission  parameters  of  the  two  fields: 

1.  E-field  polarized  parallel  to  principal 
coordinate  x' 

2.  E-field  polarized  parallel  to  principal 
coordinate  y ' . 

This  approach  is  described  below. 

Consider  a  single  anisotropic  composite  layer  of  thickness  d  nor¬ 
mally  excited  as  in  Figure  6.2.  The  Region  a  and  Region  b  incident  and  re¬ 
flected  E-fields  are  given  by 
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in  t«rm«  of  th«  "global"  coordinate*  (x,yf*)  and  by 
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in  term#  of  the  composite*  principal  coordinate*  (x'»  y',  *).  Equations 
(6-21)  and  ^6-22)  equated  rejpf ctive^y  with  (6-23)  and  (6-24)  and  the 
relations  x"x'coai{i  -y'ain<|>and  y«x'ain4>+y 'coac|>  yield 
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Equations  (6-21)  -  (6-27)  relate  the  incident  end  reflected  fields  in  tame 
of  the  global  coordinates  to  these  fields  in  terms  of  the  principal  coordi¬ 
nates.  The  x'  polarised  fields  are  decoupled  from  the  y'  polarised  fields 
and,  therefore,  may  be  analysed  separately , 

6. 1.1. 4.1  E-Field  Polarised  Parallel  to  x* 

Hero ,  flic  incident  and  rofloctod  fields  are  given  by 
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for  3<0  (Region  a  in  Figure  6.2)  and 
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for  r >d  (Region  b  in  Pigure  6.2).  A  solution  to  the  anisotropic  Maxwell's 
equations  in  the  composite  (0<r<d)  and  continuity  conditions  on  total 
tangential  and  H-fields  yields 
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6. 1.1. A. 2  E-Flsld  Polarised  Parallel  y' 

Hare,  the  Incident  and  reflected  fields  are  given  by 
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for  z<0  and 
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for  z>d.  A«  with  the  x'  polarized  case,  the  A  coefficients  here  ere  related 
by 
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whore  the  Py'  are  given  by  (6-31)  with  x'  replaced  by  y'. 
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Equations  (6-30)  and  (6-34)  then  combine  to  form 
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where  (0)  la  the  2x2  null  matrix.  Also,  (6-25),  (6-26)  and  (6-35)  combine 
to  fora 
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The  generalization  of  (6-36)  to  n  layers  between  the  a  and  b  re¬ 
gions  is  obtained  directly  from  the  cascading  property  of  the  tranamiaaion 
coefficients  as 


where  a  subscript  1  denotes  parameters  peculiar  to  the  ic^  layer.  Note 
that  in  using  (6-27)  and  (6-31)  to  obtain  (6-37),  rfx'i  and  kx'  are  func¬ 
tions  of  the  i*-*1  layer  and  d  is  the  ityi  layer  thickness.  Also,  the  A 
coefficients  in  (6-37)  relate  the  fields  on  either  side  of  the  Layered  com¬ 
posite  via  (6-21)  and  (6-22)  where  d  in  (6-22)  is  now  the  thickness  of  the 
entire  layered  composite  as  in  Figure  6.3. 

6 . 1 . I . 5  Anisotropic  Layers/Oblique  Incidence 

The  transmission  parameters  for  oblique  incidence  plane  wave  exci¬ 
tation  of  cascaded  anisotropic  composite  layers  are  derived  in  this  section. 
A  composite  layer  is  defined,  as  in  the  previous  section,  with  homogeneous, 
Isotropic  impedivity 

2  ■  jtiip  (6-38) 

and  anisotropic  admittivity  defined  by  the  tensor 
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with  respect  to  the  composite's  principal  coordinates  (x',y',z)  where 

Yp  "  0?  +  jwep  (6-40) 

for  p  “  x',y',  or  z.  As  bsfore,  the  x',y'  plane  Is  parallel  to  the  global 
x,y  plane  and  the  z  coordinates  in  both  systsms  are  coincident  and  normal  to 
the  plane  of  the  composite  layers. 


Since  compos  Its  layers  with  differing  principal  axis  directions 
are  to  be  cascaded,  the  transmission  p,- r meters  for  a  single  layer  must 
relate  the  global  x  and  y  components  of  Incident  and  reflected  fields  on 
either  aide  of  the  composite*  As  before,  Region  e  and  Region  b  sandwich  the 
composite  with  the  coordinate  system  as  in  Figure  6.2*  The  fields  now  are 
obliquely  incident,  however,  as  in  Figure  6.4  with  incidence  angle  0O 
measured  in  the  plane  of  incidence  (defined  in  Section  6.1 .1.3).  The 
Region's  a  and  b  incident  and  reflected  fields  can  be  decomposed  into  Vi¬ 
no  rmal- to- the-p  lane-  of -incidence  and  E-normal-to-the-plane-of -incidence 
modes.  For  Region  a  the  H-normal  incident  and  reflected  E-fields  are  respec 
tively 
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The  E-normal  E-fielda  are 
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For  Region  b  the  H-normal  reflected  and  Incident  E-fields  are  respectively 
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The  E-normal  E-fielda  are 
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The  tranemlaulon  parameters  relate 
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This .  relation  la  obtained  by  constructing  solutions  to  the  anisotropic 
Maxwell's  equations  for  the  composite  medium  and  satisfying  the  boundary 
conditions  at  the  layer  interfaces. 

A  decomposition  of  the  composite  medium  field  into  two  decoupled 
modes  with  respect  to  the  composite's  principal  coordinates  is  not  obvious 
here  sb  it  was  for  normal  incidence  excitation  (Section  6. 1.1. 4).  The 
global  components  of  the  composite  field,  therefore,  are  found  by  satisfying 
Maxwell's  equations  with  respect  to  the  global  coordinates  (x,y,z).  The 
adraiitivity  tensor  7  is  then  (from  Figure  6.5  and  Maxwell's  equations) 
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A  solution  to  the  homogeneous  Maxwell's  equations  that  exhibits  the  x 
variation  of  (6-41)  -  (6-44)  then  has  x  any  y  components  cf  E  and  H  given  by 
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the  complex  z  component  of  wave  number,  satisfies 
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The  positive  sign  is  for  positive  z  traveling  waves  and  the  negative  sign 
for  negative  z  traveling  waves.  For  normal  incidence,  sin  o"0  and  (6-47) 
reduces  to 
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as  expected  for  agreement  with  the  analysis  of  Section  6.1X1.4V  Fpr  sq 
isotropic  composite  with  oblique  incidence  excitation,  Yx'“Yy  ,m'iz  '“Y 
and  (6-47)  reduces  to  o4“az  *k^cos0^  where  k^Z-28  and  0^  is 
defined  following  (6-17)  thus  agreeing  with  the  analysis  of  Section  6. 1.1. 3. 

Decomposition  of  the  composite  medium  field  into  the  four  compo¬ 
nent  fields  corresponding  to  tho  solutions  to  (6-47),  and  satisfaction  of 
the  boundary  conditions  at  the  composite  interface  with  Regions  a  and  b 
(tangential  continuity  with  E-fieldB  of  (6-41)  -  (6-44)  and  their  H-field 
counterparts)  yields 
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The 


where  a  subscript  i  denotes  parameters  peculiar  to  the  i1-*1  layer, 
discussion  following  (6-37)  regarding  d  applies  here  as  well. 

6.1 .1.6  Shielding  Effectiveness  For  a  Uniform  Magnetic  Field 

The  magnetic  shielding  effectiveness  is  commonly  defined  by  the 

expression 

MSE  -  20  log1()|MSR-l| 

where  the  inverse  magnetic  shielding  ration,  MSR  \  is  given  by 

Incident 

msr"1  - 

Interior 

and  hINCIDENT  and  HINTERIOR  are  the  H-fielda  incident  on  the  shield  and 
interior  to  the  shield  respectively.  A  general  problem  with  thiB  definition 
Is  that  It  is  very  dependent  on  shield  geometry  and  is  not  unique  to  the 
material  and  the  incident  radiation.  For  uniform  magnetic  fields  and 
certain  geometric  shapes,  the  magnetic  shielding  effectiveness  can  be 
characterized  uniquely. 

6. 1.1. 6.1  Flat  Plate  Geometry 

The  exact  expression  for  the  magnetic  shielding  effectiveness  is 

MSE  •  20  log10lcosh(Yd)+  ^  sinh  yd  I  (6"50) 

where  n 

y  ■  [juiio]^2 
n  -  [ j  wu/c] 1/2 
d  -  shield  thickness 

For  low  frequencies,  the  magnetic  shielding  effectiveness  in  (6-50)  can  be 
well-approximated  by 

MSE  ■  20  los]0|l+377od| 

where  the  frequency  f  satisfies 
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The  low  frequency  shielding  effectiveness  is  determined  by  the  shield 
thickness  and  conductivity,  i.e.,  material  parameters  only. 

For  {<  the  shielding  effectiveness  increases  sharply 

with  frequency  aB  in  (6-50). 

6.1. 1.6. 2  Enclosure  Geometries 


For  enclosure  geometries  such  as  parallel  plutes,  cylindrical 
shells  and  spherical  shells,  the  magnetic  shielding  ef fectivenesa  can  bo 
written  as 
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MSI;  -  20  log10  I  cosh  CylO  +  5  y  sinh(yd) | 


(6-51) 


where  ^  Is  the  volurae-to-surf ace  ration  in  MSK  units  of  the  enclosure. 
For  low  frequencies  satisfying  f  <  — — j 


the  magnetic  shielding  effectiveness  in  (6-51)  can  ba  written  as 

MSI:  :  20  1  og1Q  |  1  +  (j)  y2d  | 


(6-52) 


Kor  thu  enclosure  geometries,  the  magnetic  shielding  effectiveness  depends 
on  the  incident  magnetic  field  frequency  and  the  enclosure  geometry  (ex¬ 
pressed  ap  fr  )  as  well  as  the  material  parameters  (o  and  d)  of  the  shield. 
At  a  freque.  cy  given  by 
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the  magnetic  shielding  effectiveness  in  (6-52)  has  a  "break  point"  below 
which  the  shielding  effectiveness  is  essentially  zero  above  this  frequency. 
The  shielding  effectiveness  increases  as 
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for  high  frequencies  satisfying 
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For  frequencies  less  than  (6-53),  the  magnetic  shielding  effectiveness  is  given  by 
MSI-  “  20  los10  | c o sh ( yd )  +  y  +  |sinh(>d)  (6_54) 

The  variable  R  is  a  geometry  dimension  equal  to  one-half  the  plate  separa¬ 
tion  for  paral-ijl  plates  or  to  the  radiuB  of  a  sphere  or  cylinder. 

6 . 1 . 1 . 7  Shielding  Effectiveness  For  a  Uniform  Electric  Field 

Analogously  to  magnetic  shielding  effectiveness,  electric  shield¬ 
ing  effectiveness  can  be  defined  as 


m 


where  Che  inverse  electric  shielding  ratio  is 
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The  same  problems  infect  this  definition  of  electric  shielding  a8  for 
magnetic  shielding.  Following  Schelkunoff,  (6-55)  can  be  written  as 

ESE  -  A  +  R  +  B 

where  A  is  absorption  loss,  R  is  reflection  loss  and  B  accounts  for  loss  due 
to  multiple  reflections  in  thin  shields. 

For  a  planar  interface,  the  absorption  loss  is  given  by 

A  ■  8.686  |  (6-56) 

where  d  is  the  shield  thickness  and  is  the  skin  depth.  Since 
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(6-56)  becomes 
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Reflective  losses  occur  primarily  as  a  characteristic  impedance  difference 
between  different  media.  The  reflection  loss  can  then  be  written  aB 
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(6-58) 


where  Zj  is  the  wave  impedance  of  the  media  multiple  reflection  loss  (B) 
is  small  for  incident  electric  fields  due  to  the  large  impedance  mismatch 
present. 


The  inverse  electric  shielding  ratio  for  enclosures  (cylinder, 
parallel  plates  and  spheres)  is 
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_ For  frequencies  sufficiently  low  that  the  skin  depth  Is  greater 

than  /2CM ,  (d  is  shield  thickness)  and 
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and  is  primarily  reflective  Iobs  at  frequencies  whore  the  Bkin  depth  la 
close  to  /20d  absorption  losses  become  large  and  grow  exponentially.  The. 
result  is  a  "Jhinlmum  in  the  electric  shielding  effectiveness  at  a  frequency 
where  the  skin  depth  is  approximately  one-third  the  shield  thickness. 

6 . 1 . 1 . 8  Transfer  Impedance  as  a  Measure 

of  Shielding  Effectiveness 

The  main  difficulty  with  the  usual  methods  of  measuring  the  KM 
shielding  effectiveness  of  materials  is  that  the  shielding  effectiveness  so 
measured  depends  upon  the  material  geometry  as  wall  as  the  material  physical 
properties.  The  measured  values  of  shielding  effectiveness  are  than  valid 
only  for  the  geometry  of  the  measurement  and  cannot  be  extended  to  more 
complex  geometries. 

One  comment,  valid  for  shields  that  are  thin  compared  to  their 
radii  or  curvature  and  for  which  the  wavelength  of  the  Incident  EM  field 
within  the.  shield  i3  much  smaller  than  that  external  to  the  shield,  is  that 
of  transfer  impedance. The  surface  transfer  impedance  of  a  homogeneous 
conducting  shield  (also  applicable  to  mixed-orientation  graphite/ epoxy 
composites)  is  given  by  the  ratio  of  the  interior  tangential  electric  field 
to  the  exterior  current  inducted  by  the  external  field. 
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where 


1L 

Z  t  “  j-  ■  n  csh(rd) 

n  ■*  t  M‘/o] 1//2 
r  -  |.  j  o  ] 1  ^  2 
d  -  shield  thickness 


The  low  frequency  limit  for  the  surface  transfer  impedance  is 


Z 


st 


(w  smell) 
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which  depends  only  on  material  thickness  and  conductivity. 
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The  surface  transfer  Impodnneu  cun  be  related  to  the  magnet.  Lc 
shielding  ef fact iveness  for  the  case  of  a  uniform  magnetic  field  by  the 
relation' 


2°  l°tt10!  2T“ 


(6-63) 


where 


z  "  (*) 


If.  t 1  ^ 2 


for  flat  plate 


y,  ^  **  (g-)  juui  for  u  cylindrical  ,  spherical  or 

parallel,  place  enclosure  with 

V 

volume- 1  O' surface  ratio  g- 

O 

For  a  homogeneous  conducting  enclosure  (parallel  plates,  cylinder 
or  sphere)  the  surface  transfer  impedance  is  related  to  the  electric  shield¬ 
ing  effectiveness  by'®) 


HSU  -  20  log, 


(6-64) 


where 


8iref(jj) 


Both  (6-63)  and  (6-64)  are  valid  over  a  frequency  interval  dependent  on 
shield  geometry,  conductivity  and  thickness. 

The  dependence  of  surface  transfer  impedance  function  on  frequency 
la  shown  in  Figure  6-6.  Measured  surface  transfer  impedance  of  24-ply  T-300 
graphite/epoxy  is  ahown  in  Figure  6.7. 
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6.1.2  Measured  and  Predicted  Composite 
Shielding  Effectiveness 


In  this  section,  the  shielding  effectiveness  of  graphite  and  boron 
composite  materials  la  presented  in  graphical  form  as  a  function  of  frequen¬ 
cy.  A  comparison  Is  made  to  titanium  where  data  is  available.  Severul 
different  composite  laminates  are  considered  in  several  geometrical  shapes 
to  show  the  dependence  of  shielding  effectiveness  on  the  enclosure  geometry. 

The  shielding  effectiveness  data  will  be  presented  in  two  parts, 
low  frequency  data  (frequency  less  than  1  GHz)  and  high  frequency  data 
(frequency  greater  than  1  GHz),  because  of  the  different  shielding  behavior 
of  the  composites  in  each  frequency  range. 

6. 1.2.1  Low  Frequency  Shielding 

The  low  frequency  shielding  data  presented  in  this  section  Is 
divided  into  magnetic  shielding,  electric  shielding  and  plane  wave  shielding 
because  of  their  fundamentally  different  behavior. 


6  •  1 . 2 . 1 . 1  Magnetic  Shielding  Effectiveness 

Ths  penetration  of  magnetic  fields  through  aircraft  enclosures  is 
moat  serious  at  low  frequency.  Figure  6.8  shows  the  magnetic  shielding 

effectiveness  of  composites  and  metals  shaped  into  flat  plates  and  illumi¬ 
nated  by  a  uniform  magnetic  field.  The  shielding  in  the  low  frequency  limit 

is  determined  by  the  conductivity  and  shield  thickness  alone.  The  metals 

have  highest  conductivity  and  shield  most;  the  composites,  having  less 
conductivity,  shield  correspondingly  less. 

For  an  enclosure  geometry  (parallel  plates,  cylinder  or  sphere) 
the  magnetic  shielding  decreases  with  frequency  sharply  to  a  breakpoint 
where  there  is  essentially  no  shielding  at  all.  In  figure  6.9  the  magnetic 
shielding  effectiveness  of  an  enclosure  Is  compared  to  that  of  a  flat  plate. 
Only  at  about  100  MHz  is  enclosure  shielding  as  good  as  that  of  the  plate. 
The  shielding  effectiveness  also  depends  upon  the  shield  geometry  through 
the  volume-to-eurfaee  ratio  1  Figure  6.10  illustrates  the  shielding  effec¬ 


tor  shielding  effectiveness  for  uniform  magnetic  fields.  The  breakpoint 
where  magnetic  shielding  drops  to  a  very  small  value  is  shown  In  Figure  6.11 
for  a  uniform  magnetic  field.  The  breakpoint  is  lower  in  frequency  tor 
higher  conducting  materials.  Consequently  metals,  such  as  aluminum  and 
titanium,  have  the  breakeven  point  lowest  in  frequency  followed  by  compos¬ 
ites  . 


The  magnetic  shielding  effectiveness  can  be  improved  by  using  a 
metallic  coating  to  protect  against  lightning  and  surface  charging  hazards. 
Figures  6.12  and  6.13  a  how  the  measured  magnetic  shielding  effec¬ 
tiveness  of  12-  and  24-ply  graphite/ epoxy  both  bare  and  protected  using 
various  lightning  protection  schemes.  Considerable  improvement  in  magnetic 
shielding  is  possible  with  proper  lightning  protection. 

The  magnetic  shielding  effectiveness  is  also  sharply  dependent  on 
the  external  field.  In  Figure  6.14  the  shielding  for  an  infinite  flat  plate 
is  shown  for  both  a  uniform  and  nonunlform  magnetic  field.  The  nonuniform 
field  shielding  drops  with  frequency  to  zero  very  fast  while  a  uniform  filed 
levels  out  at  a  high  value. 

Figure  6.13  illustrates  measurements  of  shielding  effectiveness 
made  with  a  nonunlform  magnetic  field  produced  by  a  loop  antenna  for  several 
flat  graphite/epoxy  composite  laminate  structures.  The  results  Indicate 
essentially  no  shielding  below  1  MHz.  Figure  6.16  shows  magnetic  shielding 
effectiveness  for  a  nonunlform  magnetic  field  for  various  metal  and  compos¬ 
ite  (8-,  12-  and  24-ply)  flat  plates.  The  metals  (aluminum  and  titanium) 
shield  best  and  are  followed  by  graphite.  Boron  has  essentially  no  shield¬ 
ing  in  nonurii- 
form  fields  up  to  100  MHz. 

Figure  6.17  illustrates  the  use  of  surface  tranofer  impedance  to 
calculate  magnetic  shielding  effectiveness  for  a  fiat  plate  under  both  a 
uniform  and  nonuniform  field,  and  for  a  volume  in  a  uniform  field.  Transfer 
Impedance  offers  the  advantage  that  is  is  a  characteristic  of  the  material 
only,  not  of  its  shape  or  of  the  external  field  incident  on  it. 
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6.1.2. 1.2  Electric  Shielding  F.f f ectlveness 

Figure  6.18  illustrates  electric  shielding  effectiveness  for  an 
8-ply  graphite/epoxy  enclosed  shield  compared  to  an  aluminum  structure. 
Because  the  low  frequency  shielding  Is  primarily  reflective  loss,  the 
electric  shielding  effectiveness  decreases  with  frequency  at  high  frequency 
until  absorption  (which  increases  with  frequency)  becomes  more  important. 
T.n  between,  the  electric  shielding  effectiveness  goes  through  a  minimum  .as 
shown  in  Figure  6.18  for  aluminum. 

Electric  shielding  effectiveness  also  depends  on  the  volume-to- 

surface  ratio,  Y_,  of  the  enclosure.  The  higher  the  ratio,  the  less 
S 

electric  shielding.  This  behavior  is  shown  in  Figure  6.19  for  8-ply  graph¬ 
ite/epoxy  for  several  volume  to  surface  ratios. 

E-field  shielding  for  12-  and  24-ply  graphite/ epoxy  panels  which 
are  bare  and  protected  is  shown  in  Figures  6.20  and  6.21.  The  frequency 
range  Is  from  10  kHz  to  1  GHz. 

6. 1.2. 1.3  Plane  Wave  Shielding  Effectiveness 

Sonia  limited  data  on  low  frequency  plane  wave  shielding  effective¬ 
ness  is  given  in  Figures  6.22  and  6.23  for  12-ply  and  24-ply  graphite/epoxy 
composite  panels. 

6 . 1 . 2 . 2  High  Frequency  Shielding 

Most  measurements  to  date  appear  to  confirm  the  opinion  that 
gruphite/epoxy  composites  tend  to  behave  like  metals  at  frequencies  above 
200  GHz.  The  beat  data  to  date  on  high  frequency  composite  shielding  were 
taken  by  Boeing  (10)  using  anechoic  chamber  techniques.  The  frequency 
range  was  from  1  GHz  to  18  GHz  and  the  composite  panels  were  2-ply  and  4-ply 
graphite/ epoxy  laminates.  The  data  are  given  in  Figure  6.24  as  a  set  of 
points  with  a  range  of  uncertainty.  A  least-squares  fit  was  then  performed 
and  is  represented  in  Figure  6.24  by  the  smooth  curves.  The  trend  is  clear¬ 
ly  towards  higher  shielding  as  frequency  increases.  These  curves  should 
represent  good  lower  bounds  for  multiply  graphite  composite  laminates. 

Boron/epoxy  and  especially  Kevlar/epoxy  require  higher  frequencies 
before  much  shielding  is  apparent. 

6.1.3  Metallic/Composite  Aircraft  Weight-Shielding  Tradeoffs 

This  section  presents  some  preliminary  work  that  has  done  In 
formulating  the  weight-shielding  tradeoffs  necessary  in  evaluating  various 
materials  and  protective  coatings  for  use  in  modern  aircraft.  An  appropri¬ 
ate  measure  of  EM  shielding  is  combined  with  physical  data  from  various 
materials  (metals,  graphite/epoxy ,  boron/epoxy  and  Kevlar/epoxy)  to  make  the 
t  radeof fs. 


The  data  used  in  formulating  the  tradeoffs  is  given  in  Table  6.1. 
The  data  assumes  a  frequency  less  than  100  kHz  sc  the  tradeoffs  should  be 
considered  valla  cnly  In  the  low  frequency  situation  (where  poor  shielding 
may  be  a  problem). 
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Figure  6. 21  K—  K 1  •  l d  Shielding  tor  24-ply  Ur»nh llw/KpoKy  (.'umiuigite  Panel 
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Thu  measure  of  EM  shielding  adopted  in  this  tradeoff  study  is  the 
surface  transfer  impedance*  For  all  materials  considered  and  for  a  frequen¬ 
cy  less  than  100  kHz,  the  transfer  impedance  la  Independent  of  frequency  and 
is  given  by 


This  impedance  depends  only  on  the  conductivity  (c)  and  the  shield  thickness 
(d)  of  the  material . 

The  transfer  impedance  is  given  in  Figure  6.25  for  various  air¬ 
craft  materials  and  protective  coatings  including  metals  and  composites. 
AIL  transfer  impedance  data  is  listed  in  Table  6.1  and  all  samples  are  4 
mils  thick.  The  results  list  the  metals  as  having  the  best  shielding 
charateristics  as  measured  by  the  transfer  impedance.  The  composites  follow 
with  graphite/epoxy  the  best  In  shielding.  At  frequencies  less  than  100  kHz 
boron/ epoxy  and  Kevlar/ epoxy  have  no  shielding  characteristics.  Figure  6,25 
shows  the  Improvement  in  shielding  provided  by  various  protective  coatings 
relative  to  0-ply  graphlte/spoxy.  It  has  beem  shown  by  Boeing  that  the 
transfer  Impedance  of  a  coated  material  at  low  frequency  Is  due  almost 
entirely  to  the  coating  and  the  shielding  improvement  is  just  the  ratio  of 
the  transfer  Impedances 

Zg^( graphite/ epoxy) 

Improvement  - _ _ _ _  (6-66) 

2gt(coating) 

The  data  is  listed  In  Table  6.1  and  the  results  shown  In  Figure  6.26 
Copper  coatings  give  the  best  improvement  in  shielding  while  titanium  L'oLl 
gives  the  least  improvement. 

Any  protective  coating  extracts  a  weight  penalty.  The  weight 
penalties  for  100  ft^  (about  the  forward  fuselage  surface  area  of  the 
AV-8B)  of  the  coatings  given  in  Figure  6.26  are  shown  in  Figure  6.27. 
Besides  giving  the  best  shielding  Improvement,  copper  also  extracts  the 
highest  weight  penalty.  The  least  penalty  is  paid  by  using  aluminum  flame 
spray. 

Both  the  shielding  and  weight  penalty  produced  by  a  given  coating 
can  be  combined  in  an  overall  figure  of  merit  defined  as 

Improvement 

Figure  of  merit  -  - -  (6-67) 

surface  density 
of  coating 

The  results  are  given  in  Figure  6.28  and  show  aluminum  foil  the  best  fol¬ 
lowed  ,by  copper  foil  and  aluminum  flame  spray. 

Figure  6.29(a)  and  6.29(b)  Illustrate  the  gain  in  shielding  effec¬ 
tive  nets  of  a  24-ply  and  8-ply  graphite/epoxy  respectively  after  application 
of  various  protective  coatings.  The  tradeoff  made  determines  the  resulting 
shielding.  A  second  set  of  tradeoffs  involves  the  thickness  of  various 
coatings  required  to  produce  a  given  amount  of  shielding. All  data  for 
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this  set  of  tradeoff  studies  is  listed  in  Table  6.2.  Again  the  surface 
transfer  impedance  is  used  as  the  measure  of  shielding  effectiveness.  Table 
6.2  lists  thicknesses  of  various  composite  coatings  to  achieve  40  dB,  60  db 
and  72  dB  shielding  effectiveness  along  with  the  weight  penalties  involved. 
The  results  are  given  in  Figures  6.30,  6.31  and  6.32  respectively.  Copper 
foil  requires  the  thinnest  coating  for  a  given  improvement  in  shielding 
effectiveness  and  is  closely  followed  by  aluminum  foil.  Titanium  foil 
requires  the  thickest  coat  with  aluminum  flame  spray  somewhat  thinner. 
Aluminum  foil  extracts  the  least  weight  penalty  with  copper  a  close  second 
and  aluminum  flame  spray  third.  Titanium  extracts  the  largest  weight 
penalty  by  far  with  tin  foil  the  next  worst. 

6 . 2  Compos i t e  Joints 

In  this  section  a  theoretical  overview  ia  given  of  joints  in  air¬ 
frame  skins  together  with  some  measured  joint  admittance  data.  Measured 
changes  in  shielding  effectiveness  are  given  for  composite  panels  with 
joints. 

6.2.1  Theory 

External  EM  fields  will  induce  currents  on  the  surface  of  both 
metal  and  composite  aircraft.  The  existence  of  a  joint  in  the  aircraft  skin 
results  in  a  voltage  drop  across  the  joint  aB  shown  in  Figure  6.32,.  The 
external  field  induces  a  surface  current  JB  on  the  skin  which  produces  a 
field  Ej  across  the  Joint.  The  joint  voltage  drop  Vj  is  then 


where  Yj  is  the  joint  admittance  per  unit  joint  width. 

Three  common  types  of  joint  construction  are  shown  in  Figure  6.34. 
The  measured  Joint,  admittances  for  these  Joints  are  given  in  Figure  6.3  5. 
These  joint  admittances  range  from  a  few  rahos/ra  to  a  few  hundred  mhos/m 
depending  on  the  joint  type.  Joint  2  with  15  mhos/tn  is  typical  of  the 
joints  currently  used  in  aircraft.  The  Joint  admittance  is  rather  insensi¬ 
tive  to  frequency  over  a  large  frequency  range. 

A  theoretical  model  can  be  developed  for  the  simple  infinite  butt 
Joint  shown  in  Figure  6.36a  modeled  as  a  uniform  slot  of  width  W.  An 
equivalent  transmission  line  circuit  for  the  butt  joint  is  shown  in  Figure 
6,36b  which  results  in  the  following  expression  for  Yj . 


Yj  -  (YtVYc)cosh(Ybd)+(Yo+ Y“)9inh(Ybd) 

o 
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Tab l»  6.2  Coating  Thicknaaa  and  Walghc  Panalty 
lor  Flxad  Shielding!9) 
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Figare*-35  Measured  Joint  Acaittaace 


Here  Ya  and  Yc  are  the  admittances  of  a  thin  slot  looking  into  Region  a 
and  Region  c  as  in  Figure  6.36a  and  YQ  is  given  in  6.36b.  The  aperture 
admittance  is  given  by 


*a  -  nfra-  [7r‘2J  ln(c  ka  W)1 


(6-70) 


where  na,  an(*  ka  a  re  the  impedance,  wavelength  and  wave  number  for 
Region  A.  The  constant  C  depends  on  how  the  tangential  electric  field 
varies  in  the  slot.  For  a  quasi-static  field  in  a  slot  of  zero  thickness^^ 
C  5  0.2226. 

For  a  highly  lossy  slot,  equation  (6-69)  reduces  to: 


Y  *  Sfei.  (6-71) 

J  W 

independent  of  frequency'  This  is  the  behavior  shown  by  the  measured  Joint 
admittances  in  Figure  6.35. 

6.2.2  Effect  on  Shielding  Effectiveness 

As  part  of  its  Protection  Optimisation  Program,  Grummnn^1)  has 
performed  measurements  on  graphite/epoxy  panels  with  various  types  of 
doublers  and  fasteners.  Testa  were  made  under  various  conditions,  such  as 
tight  joints,  loose  Joints  or  no  joints,  to  verify  that  degrading  the 
quality  of  the  joint  reduces  the  shielding  effectiveness  of  the  composite 
panels • 


The  tightly  Jointed  panel  shielding  effectiveness  is  shown  in 
Figures  6.37  -  6.39  for  magnetic,  electric  and  plane  wave  shielding  as  a 
function  of  frequency.  The  results  Indicate  that  little  difference  In 
shielding  resulted  from  use  of  different  fasteners  to  join  the  panels.  Two 
Joined  aluminum  plates  were  also  tested  for  shielding  effectiveness  as  a 
standard  and  performed  better  than  the  joined  composite  panels. 

Figure  6.40  allows  the  magnetic  shielding  behavior  of  two  Joined 
composite  panels;  one  12  ply  the  other  a  24  ply.  As  the  joint  quality  is 
degraded  the  magnetic  shielding  decreases  dramatically  for  high  frequencies. 
The  same  general  trend,  although  less  dramatic,  held  for  electric  and  plane 
wave  shielding  effectiveness  as  shown  in  Figures  6-41  and  6-42. 
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Tlgura  'u36b  Equlvalant  Circuit  for  a  Narrow  Slot  in  •  Thick  Conducting 
Scrtan  (8) 
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COMPONENT  AND  SUBSYSTEM  SUSCEPTIBILITY 


This  chapter  will  discuss  the  susceptibility  of  various  electronic 
components  and  subsystems  that  may  be  expected  to  be  found  aboard  composite 
aircraft.  The  origin  of  the  component  or  subsystem  susceptibility  is 
treated  and  susceptibility  curves  presented  for  those  components  and  sub¬ 
systems  for  which  models  that  are  available  and  able  to  predict  system 
degradation  due  to  RF  interference  are  also  discussed.  The  components 
treated  are  analog  and  digital  circuits,  diodeB,  transistors,  integrated 
circuits,  microwave  devices  and  electro-explosive  detonators.  Subsystems 
Include  communication  and  navigation  equipments,  control  equipment,  weapons, 
and  radar. 


7 . 1  Component  and  Circuit  Susceptibility 

In  this  section  the  susceptibility  of  a  number  of  electronic  com¬ 
ponents  and  circuits  to  interference  and  damage  from  various  RF  energy 
levels  is  examined.  General  analog  and  digital  circuits  are  discussed  and 
representative  susceptibility  curves  presented.  A  more  detailed  examination 
is  given  to  semi-conductor  devices  and  integrated  circuits  with  numerous 
performance  curves  and  some  device  models  described.  Finally  a  description 
is  given  of  the  susceptibility  of  elect ro-exploBive  detonators  and  microwave 
devious. 


7.1.1  Analog  Circuits 

Analog  (or  linear)  circuits  are  characterized  by  electronic  opera¬ 
tions  over  a  continuous  parameter  range  or  by  having  a  continuous  output. 
Interference  in  such  a  circuit  will  exist  when  an  unwanted  signal  is  super¬ 
imposed  upon  a  desired  signal.  The  amount  of  degradation  caused  by  this 
Interference  may  be  either  proportional  to  the  amount  of  interference 
present  or  depend  on  the  existence  of  an  interference  threshold  level. 
Below  the  threshold,  almost  no  degradation  may  reBult  but  above  it  there  may 
be  almost  total  degradation  of  circuit  performance.  Analog  circuits  operate 
over  a  very  wide  range  or  levels  from  a  few  rianovolts  to  several  kilovolts. 
The  low  level  circuits  can  be  expected  to  be  the  moBt  sensitive  to  interfer¬ 
ence  . 


The  moat  susceptible  part  of  an  analog  circuit  Is  usually  the 
Input  because  of  its  lower  signal  level.  The  circuit  susceptibility  can  be 
controlled  by  the  use  of  balanced  circuits  at  low  frequency  and  coaxial 
shields  at  high  frequency. 

Other  parts  of  the  system  may  exhibit  significant  susceptibility 
levels.  Power  lineB  and  control  cables,  especially  near. high  field  regions 
such  us  cathode  ray  tubeB,  can  be  sources  of  susceptibility  unless  properly 
shiel  ded . 


Onu  analog  device  that  operates  at  high  voltage  but  is  still  quite 
susceptible  to  interference  is  the  synchro.  This  device,  which  is  used  to 
transmit  position  or  control  information,  operates  on  a  null  principle  using 
a  reference  circuit.  Consequently,  even  a  small  coupling  of  undesired 
signals  onto  the  reference  circuit  can  cause  significant  errors  in  the 
nulling  process. 
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A  susceptibility  curve  for  a  typical  amplifier  is  shown  in  Figure 
7.1.  The  linear  susceptibility  is  defined  as  the  field  level  producing  a 
voltage  equal  to  the  internal  circuit  noise.'1) 


7.1.2  Digital  Circuits 


Digital  circuits  are  characterised  electronic  operations  in 
one  of  two  levels  designated  as  high  or  low.'1*^  Such  circuits  require 
that  signal  levels  must  surpass  a  certain  threshold  level  before  the  device 
will  respond.  Consequently,  digital  devices  tend  to  be  insensitive  to 
Interference  below  the  threshold  level,  but  a  full-level  bit  error  is  likely 
if  the  interference  exceeds  the  threshold  level. 


Digital  circuits  generate  interfering  signals  primarily  through 
the  operation  of  numerous  internal  switching  circuits  with  rapid  ciBe 
times.'1)  The  circuits  are  synchronised  by  clock-timing  logic.  For  this 
type  of  interference  the  interference  spectrum  frequencies  will  be  the  clock 
frequency  and  ite  harmonics.'1) 


Other  potential  sources  of  interference  are  the  basic  oscillator, 
time  pulse  distributors,  ragistsr  counters,  drums,  discs  and  magnetic  tape 
devices.  An  emission  spectrum  for  a  digital  computer  is  shown  In  Figure  7.2 
as  an  example  of  Interference  frequencies  and  voltage  levels  that  could  be 
encountered  in  nearby  equipment. 

There  are  several  coupling  mechanisms  responsible  for  the  suscep¬ 
tibility  of  digital  equipment.  One  mechanism  is  induction  coupling,'1) 
either  externally  from  cables  and  connectors  or  internally  within  the  device 
itself.  Both  forma  of  inductive  coupling  result  from  parasitic  mutual 
capacitance  and  inductance  present  in  the  neighborhood  of  the  digital 
device .  The  result  is  either  Internal  crosstalk  between  device  gates  or 
extraneous  external  signals  induced  in  a  given  gats.  In  particular,  mag4* 
netlc  material  in  tapes,  discs  drums,  shift  registers,  decoders,  buffet 
storage  and  memory  are  all  sensitive  to  external  magnetic  fields  which  may 
arbitrarily  shift  bit  positions  and  destroy  stored  data.  A  second  mechanism 
is  conduction  coupling.'1)  The  high  speed  switching  circuits  that  are 
characteristic  of  digital  devices  may  produce  large  switching  transients  in 
the  power  and  ground  circuits  which  can  couple  into  sensitive  digital 
circuits.  A  third  coupling  mechanism  Is  radiation  coupling.'1)  Strong  RF 
sources  such  as  high  powered  radar,  lightning,  and  even  precipitation  static 
may  penetrate  and  couple  to  digital  circuits.  Significant  Interference  may 
result  If  the  radiation  is  close  to  the  clock  frequency.  A  typical  set  of 
susceptibility  curves  for  digital  circuits  is  shown  in  Figure  7.3. 

7.1.3  Semiconductor  Devices 

Individual  solid  state  devices  such  as  diodes  and  transistors  are 
susceptible  to  interference  and  damage  from  external  RF  sources.  In  thin 
section,  the  mechanisms  for  interference  and  damage  of  semiconductor  devices 
by  RF  signals  is  discussed  in  detail.  Models  for  transistors  and  diodes  are 
presented  that  are  capable  of  assessing  the  effect  of  RF  interference  on 
device  operating  characteristics.  Damage  characteristics  of  semiconductors 
are  discussed  using  the  Wunsch  model. 
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7 . i . 3 . 1  Device  Interference 


In  electronic  systems,  undesired  electromagnetic  signals  can  be 
picked  up  on  circuit  wiring  and  conducted  into  individual  semiconductor 
devices  such  as  diodes  and  transistors.  These  devices  are  constructed  out 
of  PM  Junctions  which  have  non-linear  DC  voltage-current  characteristics .' 5' 
When  an  RF  signal  is  induced  on  the  device,  rectification  of  the  RF  by  the 
semiconductor  junction  results. '^»5'  The  effect  of  the  rectified  RF  on 
the  device  i'a  to  change  the  device  operating  point  by  modifying  the  DC 
voltage-current  characteristics.  The  RF-modified  diode  characteristics  are 
shown  in  Figure  7.4a  for  several  different  induced  RF  power  levels.  The 
shift  is  towards  increased  current  and  decreased  voltage.^5' 

Figure  7.4b  shows  a  circuit  constructed  to  model^5)  the  diode  DC 
voltage-current  characteristics  given  in  Figure  7.4a.  The  device  voltage 
and  current  are  and  v<j,  respectively.  Diode  D1  with  current  i^i  is 
assumed  not  to  be  under  the  influence  of  an  RF  signal.  The  diode  D2  (as¬ 
sumed  for  simplicity  to  have  characteristics  identical  to  diode  Dl  and 
current  iD2,  the  current  source  i^,  and  shunt  resistor  R^  model  the  RF 
induced  offset  voltage  and  current  and  depend  on  the  RF  power  level  frequen¬ 
cy  and  source  impedance.  A  given  choice  of  R^  and  ij(  simulates  the 
diode  interference  for  a  given  frequency  and  source  impedance. 

Transistors,  like  diodes,  will  exhibit  interference  characteristics 
when  coupled  to  RF  signals.  Again  like  diodes,  the  transistor  operating 
point  is  modified,  by  RF  rectification  at  the  transistor  junctions.  This 
modification  ben  be  seen  in  the  transistor  DC  volt age -cur rent  characteris¬ 
tics.^*5'  Figures  7.5  and  7.6  show  the  voltage-current  characteristic 
curves  for  two  different  NPN  transistors  with  and  without  Interference  RF  on 
the  collector  lead.  The  shift  in  voltage  and  current  is  readily  apparent  in 
the  figures. 

When  an  NPN  transistor  has  RF  induced  on  the  baBe  or  emitter 
leads ,  beta  reduction  usually  takes  place.'5'  ThiB  effect  is  illustrated 
In  Figure  7.7  for  several  transistors  stimulated  on  the  base  by  RF  at  220 
MHz. 


The  properties  of  NPN  transistors,  including  nonlinear  effects 
at  junctions,  can  be  accurately  modeled  by  the  standard  Ebers-Moll  NPN 
transistor  representation.'5'  This  representation  is  shown  in  Figure  7.8a 
as  an  equivalent  circuit.  In  order  to  take  RF  interference  effects  into 
account  each  diode  in  the  Ebers'Moll  transistor  model  is  replaced  by  the 
diode  interference  model  shown  in  Figure  7.4b.  The  result  is  the  modified 
Ebera-Mo.il  transistor  model  shown  in  Figure  7.8b  that  is  capable  of  modeling 
RF  interference  effects.'5)  The  RF-raodified  DC  voltage-current  character¬ 
istics  of  two  NPN  transistors  calculated  with  the  model  are  shown  in  Figure 
7.9.  The  results  compare  favorable  with  the  measured  RF-modified  charcter- 
latic  shown  in  Figures  7.5  and  7,6. 

The  semiconductor  models  described  in  this  section  have  been 
used^)  to  develop  models  for  IC  devices  to  predict  IC  susceptibilities. 
A  discussion  of  this  approach  together  with  some  results  are  given  in 
Section  7.1.4. 


7 . 1 . 3 . 2  Device  Damage  and  Failure 

If  the  absorbed  RF  Interference  level  exceeds  the  susceptibility 
level  of  a  semiconductor  by  a  sufficiently  large  amount,  device  damage 
and/or  catastrophic  failure  will  result.  The  burnout  characteristics  of  a 
semiconductor  are  commonly  described  by  the  Wunsch  model  given  by 


P  -  kt 1 /2 


(7.1) 


.  ;.1 


where  P  is  the  power  to  fail  the  device  (in  watts),  k  is  the  damage  (Wunsch) 
constant  (in  watt-sec  1/2)  determined  by  device  junction  properties  and 
geometry,  and  t  is  the  RF  pulse  time  (in  seconds). 

A  range  of  values  for  the  Wunsch  constant  is  given  in  Figure  7.10a 
for  selected  diodes'4)  and  in  Figure  7.10b  for  selected  transistors . '4) 

Three  computational  procedures  exist  for  the  calculation  of  the 
Wunsch  constant  K.  The  most  accurate  method'4)  of  determining  K  is  from 
the  device  junction  area.  The  appropriate  relations'4)  are 


for  diodes: 


K  -  550A 


for  transistors:  K  -  470A 


(7.2) 

(7.3) 


where  A  is  the  junction  area  in  cm.  Device  junction  areas  are  not 
readily  obtainable  from  manufacturer's  data  sheets  bo  the  method  is  usually 
not  used  in  practice. 

A  second  method  depends  on  the  thermal  resistance  of  the  de¬ 
vice.  ^4)  The  equations  for  K  define  three  categories  of  semiconductor 
device: '4) 

Category  1  -  Germanium  diodes  and  transistors 

Category  2  -  Silicon  diodes  and  transistors 
except  planer  and  mesa 

Category  3  -  Silicon  planar  and  mesa  transistors 
The  relations  for  K  are  then'4) 


where 


Category  1  -  Insufficient  data 
Category  2  -  K  ■  31.5  0jC(“l*H) 

K  -  972.2  ejC(-1‘24) 
Category  3  -K  -  338.3  e^-1 

K  -  4.625xl06  6ja!‘“3,08) 
Tj(max)-Tc 


(7.4) 

(7.5) 

(7.6) 

(7.7) 

(7.8) 


(7.9) 


■4  "-l 


T  j(max )  “Tam|j 


(7.10) 
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and  Tj(max)  is  the  maximum  operating  junction  temperature,  Tc  is  the 
case  temperature ,  Tamb  is  the  ambient  temperature,  and  Pd  is  the  power 
dissipated.  Usual iv  either  8jc  or  0ja  can  be  calculated  from  manufac¬ 
turer's  data  sheets. 

The  third,  and  most  reliable  method,  calculating  K  utilizes  the 
Junction  capacitance  Cj  and  breakdown  voltages  Vb(j.  The  equations  for  K 
arei^) 

Category  1  -  K  -  2.2xlO"3c1  Vbd<°*20>  (7.11) 

Category  2  -  K  *  l.lxlCT^Cj  (7.12) 

Category  3  -  K  ■  0.008xl0"3c j  (7.13) 

The  junction  capacitance  and  breakdown  voltage  are  usually  available  on  data 

sheets,  making  this  method  quite  practical. 

Typical  upset  and  burnout  energies  for  various  semiconductor  de¬ 
vices  are  given  in  Figure  7.25  in  Section  7. 1.4. 2. 

7.1.4  Integrated  Circuits 

Integrated  circuits  (ICs),  like  individual  circuit  components, 
are  susceptible  to  interference  effects  and  catastrophic  failure  from  RF 
radiation.  The  IC  susceptibility  and  failure  data  presented  in  this  section 
are  based  in  large  part  on  the  IC  susceptibility  handbook  developed  by 
McDonnell-Douglas. n2 

7. 1.4.1  1C  Interference 


The  basic  cause  of  interference  in  an  IC  device  is  rectification 
of  the  interfering  signal  in  the  nonlinear  pn  or  np  transistor  or  diode 
Junction  in  the  IC.^2*^'  The  rectified  signal  shifts  the  current  or 
voltage  operating  point  of  the  IC  device.  The  practical  effect  in  the 
circuit  is  that  the-  IC  may  be  driven  from  a  "low"  state  to  a  "high"  state  or 
vice  versa. 

The  susceptibility  curves  for  a  number  of  IC  devices  tested  by 
McDonnell-Douglas'* '  are  given  in  Figures  7.11  to  7,16  inclusive.  The  IC 
devices  types  are  transistor-transistor  logic  devices  (TTL's),  CMOS  devices, 
line  dividers  and  receivers,  operational  amplifiers  (op  amps),  voltage 
regulators  and  comparators.  Each  IC  devide  figure  consists  of  a  part 
describing  the  varieties  of  each  device  tested  (part  a)  and  a  part  giving 
the  device  susceptibility  curve  (part  b).  The  susceptibility  curves  for  all 
devices  represent  the  "worst-case"  situation  of  power  absorbed  by  the  device 
through  leads  that  are  half-wave  dipoles.^'  The  general  trend  of  the 
susceptibility  curves  is  for  a  decreasing  device  susceptibility  as  frequency 
increases  over  the  range  from  0,1  GHz  to  10  GHz.  Operational  amplifiers 
were  found  to  be  the  most  susceptible  to  RF  interference,  and  3-pin  regula¬ 
tors  were  the  least  susceptible.  The  susceptibility  curves  for  all  devices 
are  shown  in  Figure  7.17  for  comparison, 

A  power  density  curve  for  each  device  can  be  constructed  using  the 
Figure  7.17  power  curves.  If  the  worst  case  aperture  of  a  half-wave  dipole 
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is  assumed  for  the  circuit,  the  1C  power  density  susceptibility,  Pd,  is 
related  to  the  IC  power  susceptibility  P  given  in  Figure  7.17  by 

P  -  0.13  X2Pd  (7.14) 

whore  A  is  the  radiation  wavelength.  The  superimposed  power  density 
susceptibility  curves  for  all  IC  devices  are  shown  in  Figure  7.18.  Using 
these  curves,  it  would  be  possible  to  assess  the  Ell  shielding  required  to 
protect  IC  devices  against  a  given  P.F  threat  level  (such  as  described  in 
Section  2.0). 

Besides  experimental  susceptibility  curves,  IC  device  models  have 
been  developed  which  allow  IC  susceptibilities  to  be  predicted  theoretical¬ 
ly.  The  IC  models  consist  of  a  collection  of  models  of  the  individual 
semiconductor  components  that  comprise  the  IC.  The  semiconductor  models  are 
described  in  Section  7.1.3  of  this  handbook. 

The  modified  Ebers-Moll  transistor  model^)  described  in  Section 
7.1.3  has  been  used  to  construct  a  model  of  a  7400  NAND  gate  IC  that  is 
useful  in  describing  interference  in  the  device.^)  A  schematic  circuit 
diagram  of  a  7400  NAND  gate  IC  device  is  shown  in  Figure  7.19a  and  the 
modified  Ebers-Moll  circuit  model  of  the  IC  is  in  Figure  7.19b.  Both 
circuits  are  configured  for  use  in  the  IC  circuit  analysis  program  SPICE 
(Simulation  Program  with  Integrated  Circuit  Emphasis) The  results  of 
the  simulation  are  given  in  Figure  7.20  for  three  7400  NAND  gate  types  (74, 
74H  and  74L).  The  simulations  show  device  output  voltages  vs.  the  incident 
RF  power.  Two  susceptibility  levels,  one  for  a  low  state  (0.8V)  and  one  for 
a  high  state  (2.0V)  are  also  shown.  Figure  7.21  gives  the  values  of  RF 
power  predicted  by  SPICE  which  cause  the  susceptibility  levels  in  the  three 
7400  NAND  gate  types  to  be  exceeded.  The  results  compare  favorabley  to  the 
experimental  data  that  is  available. ( 2 *4) 

7. 1.4. 2  Device  Damage  and  Failure 

Integrated  circuits  can  be  subjected  to  excessively  high  levels  of 
RF  energy  just  like  Individual  semiconductor  devices.  Damage  results  at 
some  level  above  the  device  susceptibility.  The  result  will  then  be  im¬ 
paired  IC  operation  or  catastrophic  failure  of  the  whole  device.  Device 
failure  results  from  excessive  RF  heating  of  the  silicon  junctions  or  wires 
which  causes  thermal  destruction  of  the  IC.  The  peak  power  absorbed  by  an 
IC  is  a  function  of  pulse  width  and  is  illustrated  in  Figure  7.22.  This 
figure  shows  a  zone  of  definite  IC  operation,  a  zone  of  definite  1C  failure 
and  a  zone  of  uncertainty  where  the  IC  may  or  may  not  fail. 

Integrated  circuit  device  failure  caused  by  electromagnetic  pulse 
(EMP)  can  be  modoLed  by  the  equation 

P  -  At~B  (7.15) 

where  P  is  the  average  failure  power  (in  watts),  t  is  pulse  duration  (sec), 
and  A,  B  are  experimental  constants.  This  model  is  analogous  to  the  Wuusch 
model  used  for  semiconductor  failure.  The  empirical  values  of  the  constant 
A  are  given  in  Figure  7.23  for  a  number  of  7C  devices  and  semiconductors. 
The  constant  B  has  yet  to  be  evaluated  in  the  same  manner,  however  the  data 
in  Figure  7,22  corresponds  to  a  choice  of  A  of  3.5xl0“3  and  11  of  0.5. 
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Some  dlatinction  can  be  drawn  between  linear  and  digital  IC 
devicea  in  cermu  of  damage  caused  by  EM?.  Usually  linear  IC  devices  are 
less  susceptible  than  digital  devices.  The  general  trend  in  both  device 
types  is  illustrated  in  Figure  7.24  for  IC  damage  power  as  a  function  of 
pulse  width. 

A  general  ranking  of  circuit  elements  (both  solid  state  and  IC) 
is  given  in  Figure  7.25  on  the  basis  of  susceptibility  to  upset  and  burnout. 
Integrated  circuits  are  clearly  the  most  susceptible  devices. 

7.1.5  Electro-Explosive  Detonators 

The  criteria  for  the  proper  design  of  electro-explosive  detonators 
(EED's)  and  their  integration  into  systems  such  that  the  electromagnetic 
radiation  hazards  f. •••  EED's  are  minimal  are  contained  in  MII.-STD-833  and 
MIL-STD-1385.  Tlu  oximum  allowable  field  strength  levels  of  exposure  of 
EED's  to  electromagnetic  radiation'^)  are  given  in  Figure  7.26. 

7 .2  Subsystem  Susceptibility 

A  number  of  subsystems  commonly  found  on  aerospace  vehicles  are 
examined  in  this  section  for  their  susceptibility  to  RF  interference.  The 
subsystems  include  communication  equipment  (voice,  digital,  and  picture), 
navigation  equipment,  flight  control  equipment,  weapons,  and  radar.  The 
discussion  is  general  and  describes  how  susceptibility  to  interference  is 
measured.  Some  susceptibility  and  performance  curves  are  presented  for 
subsystems. 

7*2.1  Communication  and  Navigation 

Interference  in  and  susceptibility  of  communication  subsystems  is 
usually  treated  by  first  dividing  the  systems  into  two  types;  thoso  which 
are  voice  and  those  which  are  teletype  or  digital. C’»8) 

7 . 2 . 1 . 1  Voice  Communication 

The  problems  encountered  in  specifying  the  susceptibility  or  other 
performance  criteria  for  voice  communication  systems  revolves  around  the 
random  nature  of  the  received  voice  signal,  and  differences  in  hearing  and 
understanding  abilities  of  one  receiver  operator  as  compared  to  another. 

Two  general,  approaches  have  been  formulated  to  treat  this  problem. 

One  approach  uses  trained  talkers  and  listeners  to  determine  the 
levels  of  intelligibility  in  various  communication  receivers.  The  figure  of 
merit  in  this  procedure  is  the  articulation  score  for  the  receivers  under 
test.  The  articulation  score  can  be  reluted  to  a  signal-to-interf erence 
ratio  as  shown  in  Figure  7.27  for  different  receivers. 

Another  method  of  evaluating  voice  communications  is  the  articula¬ 
tion  index  of  the  receiver.'''  To  determine  this  index,  the  audio  spec¬ 
trum  la  first  divided  into  weighted  bands  in  such  a  way  that  they  contribute 
equally  to  voice  intelligibility.  The  signal-to-interf  erence-plus-noise 
ratio  S/(l+N)  is  then  specified  for  each  band.  The  percentage  contribution 
of  each  band  to  the  articulation  index  will  then  depend  on  the  signal-to-in- 


terference  ratio  S/I  in  the  band.  The  band  la  said  to  contribute  In  a 

maximum  sense  if  the  S/(I+N)  is  greater  than  or  equal  to  +18  dB,  and  in  a 

minimum  sense  if  S/(I+N)  is  less  than  or  equal  to  -12  dB.  In  between,  the 

contribution  is  defined  by  linear  extrapolation  between  the  extreme  values. 

7. 2. 1.2  Teletype  of  Digital  Communication 

Digital  or  teletype  communication  susbsys terns  can  be  evaluated  by 
finding  their  probability  of  error.'''  Two  typeB  of  error  are  mistaking 
Interference  for  the  signal  (false  acceptance),  and  not  recognizing  the 

presence  of  the  signal  (false  dismissal).  From  a  knowledge  of  the  statisti¬ 
cal  nature  of  the  particular  digital  communication  subsystem  under  teat,  it 
is  possible  to  relate  the  error  rate  to  the  signal-to-noise  ratio  of  the 
system'^*8)  to  determine  the  susceutibilitv. 


to  determine  the  susceptibility. 


7. 2. 1.3  Picture  Communication 

Picture  communications  in  the  form  of  television  and  facsimile 
subsystems  have  become  increasingly  important.  Interference  takes  the  form 
of  dots,  lines  and  bars  in  the  picture  or  may  cause  the  picture  to  be 
blurred,  lose  sync  or  roll. (7)  Susceptibility  and  interference  levels  are 
difficult  to  define  because  of  the  variable  perceptions  of  the  images  by 
different  observers.  Digital  images  can  be  improved  in  quality  using  modern 
digital  signal  processing  and  image  enhancement  techniques. 

7. 2.1. A  Navigation  Systems 

Radio  navigation  systems  are  widely  used  in  marine  and  aerospace 
applications.1')  The  characteristics  of  some  of  the  more  common  radio 
navigation  systems  are  given  in  Table  7.1.  For  proper  use,  the  station  must 
be  correctly  identified  and  the  information  in  the  signal  correctly  deter¬ 
mined.  Interference  can  cause  incorrect  identification  of  station  and 
message  information  resulting  in  navigational  errors.''*8' 

Modern  aircraft  depend  on  sophisticated  inertial  navigation  sub¬ 
systems  for  the  proper  fulfillment  of  mission  requirements.  A  typical 
navigation  subsystem  consists  of  a  stabel  platform  consisting  of  a  set  of 
gyro-stabilized  accelerometers  whose  outputs  are  fed  to  a  computer.11) 
The  computer  calculates  aircraft  position  and  velocity  aB  well  as  gyro 
precession  signals  which  maintain  platform  stability.  Other  equipment 
Includes  a  display  and  control  panel,  power  supplies  and  a  backup  battery 
for  the  computer.'1)  A  block  diagram  of  an  inertial  navigation  system  is 
shown,  in  Figure  7.28.' ^ 

Because  the  inertial  navigation  subsystem  is  a  precision  instru¬ 
ment,  care  must  be  taken  to  reduce  transients  and  variations  in  current  and 
Isolate  sources  of  such  transients  and  variations  from  the  instrument.11) 
Gables  carrying  digital  and  analog  data  to  and  from  synchros  may  be  suscep¬ 
tible  because  of  the  precision  required  in  the  data.11 7 

7.2.2  Flight  Control  Equipment 

Flight  control  equipment  is  concerned  with  the  adjustment  of  air¬ 
craft  surfaces  for  purposes  of  maneuvering  the  aircraft.*1'  A  block  dia¬ 
gram  of  flight  control  operation  is  shown  in  Figure  7.29.' ^  Sensors 
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detect  one  or  more  airframe  motions  and  a  control  signal.  The  signal\ 
activates  the  activator  to  produce  the  required  surface  motion.  The  con-  \ 
t  roller  la  in  general  a  computer  system.' ^)  Sensors  required  include 
gyroscopes,  accelerometers t  angle  of  attack  sensors  and  sensors  to  measure 
temperature  and  pressure.'*) 

The  activators  are  not  directly  susceptible  due  to  the  high  volt¬ 
ages  commonly  used.  The  sensors  are  much  more  susceptible,  especially  those 
that  use  a  null  principle  to  produce  accurate  readings^'  (e.g.,  potenti¬ 
ometers).  Transients  can  also  be  propagated  Into  the  subsystem  and  inter¬ 
preted  as  a  signal. 

7.2.3  Weapons 

Boeing  Aircraft  Corporation^)  has  compiled  a  list  of  unclassified 
data  on  EM  threshold  levels  for  various  weapon  systems  that  la  useful  as  a 
weapons  system  susceptibility  guide.  The  list  is  given  in  Figure  7.30.  An 
unclassified  EM  radiation  limit  for  nuclear  weapons  is  given  in  Figure  7.31. 

7.2.4  Radar 


Because  a  radar  subsystem  can  be  quite  extensive,  it  is  useful  to 
divide  it  into  several  cascaded  stages  when  determining  radar  susceptibility 
to  interference.  A  useful  representation  of  this  typu  is  given  in  Figure 
7.32.  It  allows  radar  performance  to  be  determined  by  determining  the 
performance  of  each  stage.'')  The  major  sources  of  Interference  for  u  ich 
stage  are  shown  in  Table  7.2  and  the  flow  chart  Bhown  in  Figure  7.33  out¬ 
lines  the  overall  radar  Interference  prediction  process. (7) 

Because  radars  are  very  complicated  subsystems,  they  may  be  sub¬ 
jected  to  many  possible  Interference  situations.  Most  pulse  radars  use  a 
single  antenna  for  both  transmitter  and  receiver.  Consequently,  the  radar 
transmitter  itself  can  be  an  interference  source.'*)  Other  sources 
Include  ■*)  undesired  echoes  from  ground,  sea,  clouds,  rain  or  birds, 
extraneous  environmental  fields  from  machinery,  natural  sources  such  as 
stars  or  the  sun  (sunspots),  communication  and  navigation  equipment,  and 
most  importantly,  other  radars  and  ECM  devices  that  have  frequencies  close 
to  the  radar  operating  frequency. 

For  surveillance  radars  with  pulse  interference  the  main  inter¬ 
ference  effect  is  distorted  receiver  output  at  the  radar  scope.  The  factor 
of  merit  for  the  scope  output  is  termed  the  scope  condition.  To  determine 
the  scope  condition,  a  set  of  parameters  are  first  calculated,  one  for 
each  combination  of  antenna  mainbeam  orientation  and  unintentional  region 
orientation.  The  parameters  are  determined  by  the  equation'7) 

"i  -20«2O+  I  WW  (7.16) 

i 

where  Q20  ■  number  of  pulses/scan  with  level  greater 

than  (PmdB+20)  dBm 

Pmds  "  minimum  discernible  signal  in  dBm 

Ql  *  number  of  pulses/scan  at  level  where 

^rnds  **i  fs.  ^mds  +  20 
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Table  7.2  Interference  Effects  on  Radar  -7. 

Receiver  StaRes  Shown  in  Figure  7.32^ 
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After  is  calculated,  if  those  antenna  orientations  involving 
the  antenna  main  beams  make  N^>0  then  the  scope  condition  is  unity.  '7/ 
If  antenna  orientations  involving  unintentional  regions  make  Ni>0,  then  a 
parameter  N*  is  calculated  as  follows 


N*  -  10 


(7.17) 


The  scope  condition  is  then  determined  by  the  following  conditions.^) 
if  0  <  N*  <  3.7  scope  condition  l 

if  3.8  £  N*  £9.4  scope  condition  2 

if  9.5  £  N*  £  14.7  scope  condition  3 

if  14,8  £  N*  £  25.2  scope  condition  4 

if  N*  >  25.3  scope  condition  5 

An  increasing  scope  condition  corresponds  to  an  increasing  degradation  of 
scope  image. 

The  effect  of  CW  interference  on  a  surveillance  radar  is  to  desen¬ 
sitize  the  RF  and  IT  stages  making  the  receiver  less  sensitive  to  the 
desired  signal.  This  desensitization  translates  into  a  fractional  decrease 
in  maximum  antenna  range  as  expressed  by  the  equation”) 


Fractional  range  -  lo2io_1  («an»ltivity  reduction  in  dB) 


(7.18) 


The  fractional  range  reduction  is  Illustrated  in  Figure  7.34. 

Tracking  radars  experience  problems  similar  to  the  surveillance 
radars.  System  degradation  for  tracking  radars  is  usually  expressed  in 
terms  of  an  inc  ease  in  target  acquisition  time.  This  Increase  in  time  can 
be  expressed  oy  the  equation'') 


(7.19) 


where 


Increase  in  target  acquisition  time  (sec) 
angle  searched  (deg) 
angular  scan  rate  (deg/sec) 
average  number  of  interference  pulses/sec 
antenna  dwell  time  upon  detection 
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GENERAL  ANALYSIS  AND  TRADEOFF  PHILOSOPHY 


A  prime  goal  in  the  conception,  development  and  deployment  of  new 
or  modified  communication  and  electronic  (C-E)  Bystems  is  the  achievement  of 
satisfactory  system  performance  at  acceptable  cost  under  all  anticipated 
operating  conditions.  Such  a  goal  is  not  easily  met  in  the  modern  electron¬ 
ics  world,  and  all  Indications  suggest  that  the  problem  will  worsen  in  the 
more  complicated  electronics  world  of  the  future.  To  meet  this  goal,  a  wel.  L 
organized,  comprehensive  analysis  is  required  of  all  variables  affecting 
system  performance  beginning  with  system  conception  and  ending  with  system 
deployment . 

Total  system  performance  is  described  by  a  number  of  general 
factors  such  as  reliability  maintainability,  vulnerability,  and  electro¬ 
magnetic  compatibility  (EMC).  Ideally,  each  factor  should  be  studied  both 
separately  and  in  conjunction  with  all  other  factors  in  determining  total 
impact  on  system  performance.  By  performing  the  analysis  at  every  stage  in 
the  system  life  cycle,  performance  problems  will  tend  to  be  caught  or 
predicted  early  in  the  system  design  stage  or  pinpointed  if  they  develop 
later.  Tradeoff  studies  are  performed  as  a  part  of  the  analysis  to  resolve 
incompatibill ties  between  system  performance  variables  in  such  a  way  as  to 
produce  a  satisfactory  cost-effective  system. 

Such  an  analysis  requires  a  judicious  use  of  various  theoretical 
analysis  tools,  pertinent  standards  and  specifications  and  actual  system 
measurements.  The  analysis  and  standards  are  particularly  useful  early  in 
the  conception  and  design  phases  when  measurements  may  not  be  available.  In 
later  system  phases,  measurements  can  augment  and  validate  analysis  efforts 
and  serve  us  an  overall  check  on  system  performance. 

In  keeping  with  the  emphasis  of  the  report,  this  chapter  will 
focus  on  the  analysis  and  tradeoffs  required  to  achieve  system  EMC.  To  bo 
sure,  the  EMC  analysis  and  tradeoffs  program  must  interface  a  more  compre- 
honBive  system  performance  program,  yet  the  EMC  program  is  comprehensive  and 
Important  enough  in  itself  to  merit  individual  discussion. 

8 . 1  Standards  and  Specifications 

For  a  number  of  years,  the  triservices  have  required  that  certain 
standards  and  specifications  be  met  on  all  procured  electrical  and  electron¬ 
ic  equipments  for  the  general  purpose  of  interference  suppression.  Three 
standards,  MIL-STD-461,  -462,  and  -463  provide  overall  coordination  for 
emission  and  susceptibility  control.  In  MIL-STD-461,  acceptable  limits  of 
emission  and  susceptibility  are  given  for  various  equipments.  MIL-STD-462 
describes  test  procedures  for  determining  actual  equipment  emission  and 
susceptibility.  MIL-STD-463  defines  terras  and  specifies  units.  A  list  of 
standards  and  specifications  is  given  in  the  references. 

The  limits  set  by  the  standards  and  specifications  regulate  the 
contribution  of  electronic  emissions  and  susceptibilities  to  the  system 
electromagnetic  environment.  This  environment  is  taken  to  be  a  "typical"  or 
"normal"  equipment  and  operating  environment,  and  the  system  designer  is  to 
use  the  standards  to  Insure  that  this  environment  is  not  degraded. 


The  standards  and  specifications  will  control  EMC  problems  for 
many  equipments  in  many  situations.  It  is  nevertheless  important  to  realize 
that  compliance  to  the  standards  does  not  imply  syatem  EMC;  conversely, 
noncorapliance  does  not  imply  system  incompatibility.  The  reason  is  that 
each  system  operating  environment  is  unique  and  often  requires  unique  EMC 
specif  lent  ions  to  ensure  system  compatibility.  The  standards  serve  as 
general  guidelines  to  EMC  but  may  not  completely  solve  a  specific  EMC 
problem. 


8 • 2  The  System  Approach 

To  achieve  EMC  in  modern  electronics  systems,  EMC  specif icatlons 
for  very  many  equipments  often  must  be  tailored  to  the  system  operating 
environment.  Such  a  tailoring  may  require  an  evaluation  of  all  interact  Iona 
between  system  emitters  and  susceptors  on  a  pair  by  pair  basis.  Such  an 
evaluation  should  begin  during  system  conception  and  continue  through  each 
acquisition  phase  to  system  deployment  and  modification  In  order  that  coBtly 
and  time  consuming  EMC  fixes  caused  by  unforeseen  interference  problems  be 
Avoided  or  at  least  minimized. 

.  Evaluation  of  EMC  in  any  phase  of  the  system  life  cycle  is  done 
by  theoretical  analysis,  measurements  or  a  combination  of  both.  Interfer¬ 
ence  analysis  requires  the  existence  of  adequate  models  for  all  emitters, 
susceptors  and  the  coupling  between  them.  Such  an  analysis  performed  during 
system  conception  using  simple  models  and  general  system  date  is  relatively 
inexpensive,  straight-forward  to  perform  and  is  a  valuable  tool  in  engineer¬ 
ing  EMC  into  the  system.  In  later  system  phases,  an  accurate  analysis  using 
complex  models  and  detailed  system  data  can  be  coatly  and  time  consuming. 
Unfortunately,  any  analysis  will  be  only  as  accurate  as  the  Interference 
models  being  used  in  the  interference  prediction  process.  Measurement,  on 
the  other  hand,  deal  with  real  equipments  and  subsystams  but  require  costly 
test  equipment,  facilities  and  prototype  systems.  Such  measured  data  (If  it 
exists)  is  usually  available  only  in  later  system  phases,  however,  it  does 
serve  both  as  a  guide  to  analysis  and  as  an  overall  check  on  system  EMC. 

Once  the  EMC  status  of  a  system  has  been  determined,  information 
on  interference  reduction  techniques  and  their  costs  must  be  used  to  perform 
appropriate  system  tradeoffs  to  ensure  system  EMC  in  a  cost-effective 
manner.  Such  a  tailoring  of  EMC  specifications  either  by  analysis  or  by 
measurements  is  designed  to  produce  satisfactory  systsm  performance  at  least 
cos  t. 

8.2.1  Electromagnetic  Compatibility  (EMC)  Program 

The  Department  of  Defense  (DOD)  has  established  an  Integrated  EMC 
program  to  ensure  the  compatibility  of  all  procured  electronic  equipments 
and  subsystems  during  all  phases  of  the  syatem  life  cycle. Goals  of 
the  EMC  program  Include  the  following. 

A.  Achievement  of  EMC  for  all  equipments. 


B.  Initial  design  of  EMC  into  the  system 
rather  than  later  EMC  fixes. 


C.  Traceability  of  EMC  requirements  and  modi¬ 
fications  throughout  the  system  lifecycle 
to  allow  the  impact  of  design  changes  And 
tradeoffs  to  be  assessed . 

D.  Redefinition  of  EMC  requirements  to  reflect 
system  changes • 

E.  Tailoring  of  EMC  specifications  to  each 
unique  system. 

F.  Smooth  integration  of  the  EMC  program  with 
al  i  other  programs  that  impact  system  per¬ 
formance  . 


The  EMC  program  for  a  particular  Communications  -  Electronics 
(C-E)  system  should  be  directed  by  an  authority  able  to  designate  specific 
rosponB  tbili ties  for  preparation  of  EMC  control  plans,  test  plans,  reports 
and  documentation,  as  well,  as  EMC  testing  at  all  levels.  The  authority 
ahouid  coordinate  all  EMC  activities  with  all  other  system  engineering  re¬ 
quirements  and  provide  overall  guidance  to  the  EMC  program.'^' 


8.2.2  Electromagnetic  Compatibility  (EMC)  Plans 

The  complete  system  EMC  plan  typically  consists  of  the  t'oL Lowing 
three  plans.' 

A.  EMC  program  plan. 


B.  EMC  control  plan. 


C.  EMC  test  plans. 

Additionally,  or  in  conjunction  with  the  EMC  control  plan,  provision  is 
usually  made  for  theoretical  interference  analysis  efforts,  equipment 
Frequency  assignments  and  coct-effective  tradeoff  studies.  These  topics 
wlLl  he  discussed  separately  from  the  control  plan. 


8 . 2 . 2 . 1  EMC  Program  Plan 

The  EMC  program  plan  describes  the  overall  EMC  program  for  the  C-E 
system  in  (mention  and  Is  usually  a  separate  part  of  a  proposal  or  statement 
of  work.'l)  The  program  plan  cluarly  defines  tasks  to  be  accomplished  and 
miles  tones  to  be  met.  Particular  attention  is  given  to  establishing  an 
interface  with  other  system  engineering  programs.  An  outline  of  such  a 
program  plan  is  given  In  Table  8.1. 


8 . 2 . 2 . 2  EMC. Control  Plan 


The  control  plan  is  the  major  EMC  document  to  be  produced  by  the 
system  program  as  required  by  MIL-STD-461  and  MIL-E-6051.  It  is  the  source 
ol  all  system  EMC  information  and  detfines  all  requirements,  lines  of  respon¬ 
sibility  and  authority  and  directives  such  as  organization,  design  criteria, 
analysis,  frequency  allocution  assignments  and  test  plans.  Many  of 

these  directives  may  exist  as  separate  documents  which  together  comprise  the 
control  plan.  An  outline  for  an  EMC  control  plan  is  illustrated  In  Table 
8.2. 


# 


* 


it# 
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8 . 2 . 2 . 3  EMC  Test  Plans 


Test  plans  Include  all  facilities  and  instrumentation  required, 
all  teat  procedures  used  on  equipments,  subsystems  or  systems  and  all  test 
documents  needed  to  perform  the  measurements.  The  teBtB  may  be  conducted  at 
the  equipment  or  subsystem  level  (as  per  MIL-STD-461 ) ,  the  system  level  (aa 
per  MIL-E-6051 ) ,  or  at  the  intersystem  level  to  show  the  system  is  compati¬ 
ble  with  itself  and  with  other  deployed  systems  in  the  operating  environ¬ 
ment.  An  outline  for  EMc  test  plans  is  illustrated  in  Table  8.3. 

8 . 2 . 2 . 4  Theor etlcal _ EMC  Analysis 

In  order  that  EMC  be  designed  into  the  system,  serious  interfer¬ 
ence  problems  muBt  be  foreseen  as  early  in  the  system  life  cycle  as  possi¬ 
ble.  Interference  analysis  is  particularly  appropriate  for  this  purpose 
since  detailed  system  measurements  usually  do  not  exist  during  early  system 
phases  while  sufficient  emitter,  receptor  and  coupling  models  may  exiBt  to 
allow  an  initial  EMC  analysis  to  be  performed. 

As  the  system  life  cycle  proceeds  and  more  detailed  system  data 
becomes  available,  sophisticated  EMC  analysis  (supplemented  possibly  by 
measurements)  can  be  performed.  This  analysis  can  evaluate  possible  trou- 
blespots  that  were  predicted  early  in  the  system  life  cycle  using  simpler 
analysis,  and  predict  or  pinpoint  interference  problems  in  later  life  cycle 
phases.  This  is  particularly  Important  for  situations  in  which  measurements 
are  not  possible  or  not  feasible. 

If  system  interference  occurs  after  deployment  or  modification, 
the  test  and  analytical  data  base  accumulated  during  system  design  can  be 
used  to  quickly  pinpoint  a  problem  and  propose  a  solution.  The  overall 
result  of  the  analysis  program  will  be  a  more  effective,  reliable  system 
with  more  internally  engineered  EMC  and  fewer  costly  EMC  fixes. 

8 . 2 . 2 . 5  Frequency  Allocations 

One  of  the  most  Important  parts  of  the  EMC  control  plan  is  the 
requesting  and  obtaining  of  equipment  frequency  allocations  for  a  system. ^  ^ 
Such  an  allocation  begins  during  system  conception  with  an  application  for 
an  experimental  RF  spectrum  allocation.  As  the  system  proceeds  to  the 
validation  phase,  it  is  necessary  to  apply  for  a  developmental  RF  spectrum 
allocation.  Finally,  during  full-scale  development,  the  actual  operating 
frequency  allocations  are  made.'^'  The  details  of  the  allocation  process 
follow  guidelines  set  down  by  the  Department  of  Defense  and  related  govern¬ 
ment  agencies. 

11.2.2.6  Cost-Ef fectivene88  Tradeoff 


Cost-effectiveness  considerations  enter  into  system  performance 
evaluation  at  every  stage  in  the  system  life  cycle.  Because  of  the  expenses 
Involved  in  both  time  and  imjney  to  develop  and  deploy  an  electronics  system, 
it  is  necessary  that  a  tradeoff  be  made  between  system  performance  and 
system  cos t . '  ‘ ' 
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Table  8.3 


Outline  of  Content  of  EMC  Tent  Plans 


(1) 


SCOPE 

1.1  Statement  of  purpose  of  plan  nnd  ltn  relation  to  thu  toul  EMC  problem 

1.2  Elat  of  nil  lusts  to  bo  conducted 

API'l.tCAIll.r.  DOCUMENT’S 

2.1  Military 

2.2  Company 

2.3  Other 

TEST  SITE 

3.1  Description  of  tcBt  facility 

3.2  tlrouiul  plnnu  description  along  with  grounding  and  bonding., 

3.3  Ambient  electromagnetic  environment 

TEST  INSTRUMENTATION 

4.1  Equipment  list 

4.2  Instrumentation  bandwidV.hs 

4.3  Trans former  and  filter  characteristics 

SAMPLE  Test  SETUP 

5.1  Physical,  layout  of  equlpmant  under  tost 

5.2  Layout  of  measurement:  systems 

TEST  SAMPLE  OPERATION 

6.1  Operation  modes  for  cacti  test 

6.2  Control  setting  list 

6.3  Tost  frequencies 

6.4  Performance  checks 

6.5  Outputs  to  lie  monitored 

6.6  Test  malfunction  eriturin 

TEST  PROCEDURE 

7.1  Test  setup  block  dlugram 

7.2  Test  equipment  used  together  with  grounding,  bonding,  and  shielding 

7.3  Procedures  lor  probing  tent  snmplu 

SUUSYSTEM  TESTS 

8.1  Receiver  to  receiver  Interactions 

8.2  Transmitter  to  receiver  interactions 

8.3  Transmitter  to  active  ami  passive,  devices 

DATA  TO  HE  RECORDED 

5.1  Sample  data  sheet 

5.2  Sample  teal  log 

5.3  Sample  graphs 


To  achieve  system  EMC  requires  a  judicious  choice  between  inter¬ 
ference  analysis  and  measurements  at  each  stage  in  the  system  life  cycle. 
Analysis  allows  a  tailoring  of  EMC  specification  to  be  performed  to  prevent 
Incompatibilities  yet  not  require  too  stringent  specifications  to  be  made. 

Measurements  validate  the  analysis  and  supply  data  for  situations  analysis 

cannot  treat.  The  final  result,  ideally,  is  satisfactory  system  performance 
at  least  cost.  A  typical  cost-effectiveness  model  for  selecting  a  compati¬ 
ble  system  configuration  is  shown  in  Figure  8.1. 

8.2.3  EMC  Program  Implementation 

The  successful  design  of  EMC  into  the  system  at  each  system  phase 
requires  that  certain  EMC  decisions  be  made  and  certain  milestones  met.  A 

review  of  the  system  acquisition  life  cycle  is  given  in  Table  8,4,  along 

with  tasks  to  be  performed  at  each  phase. 

Besides  the  tasks  listed  in  Table  8.4,  a  set  of  decisions  must  be 
made  during  the  system  life  cycle  in  order  that  EMC  be  incorporated  into  the 
system.  A  list  of  these  decisions  is  given  in  Table  8.5,  along  with  the 
system  phase  in  which  they  must  be  made. 

In  order  that  EMC  decisions  be  made  correctly,  a  set  of  guidance 

categories  has  been  assembled  to  guide  the  EMC  program  manager  and  are 

listed  in  Table  8.6.  Each  EMC  decision  is  reached  through  consideration  of 
one  or  more  of  these  categories.  A  matrix  of  EMC  decisions  and  relevant 
categories  is  illustrated  in  Table  8.7.  The  EMC  decisions  and  guidance 
categories  provide  for  a  systematic  evaluation  of  system  EMC  design. 

8 . 3  EMC  Systems  Analysis  Procedure  Synthesis ( 3 ) 

In  this  section  a  set  of  guidelines  is  presented  for  constructing 
an  anulysis  tool  (or  procedure)  to  perform  an  EMC  interference  analysis  of 
an  electronics  system. ^3)  Such  a  tool  is,  in  general,  quite  complicated 
to  assemble  owing  to  the  large  number  and  variety  of  electronic  components 
to  be  modeled,  irregular  system  geometries  that  are  required,  and  compli¬ 
cated  electronic  component  coupling  that  is  present  and  limited  time  and 

funds  that  are  available.  Depending  on  the  system  life  cycle  phase,  the 

system  data  available  may  be  limited,  incomplete  or  overwhelming.  A  syste¬ 
matic  method  for  EMc  systems  analysis  procedure  synthesis  is  clearly  desir¬ 
able. <3> 


8 . 3 . 1  Drivers  in  Procedure  Synthesis 

There  is  a  logical  sequence  of  steps  or  flow  in  constructing  an 
EMC  procedure  to  perform  an  EMC  systems  analysis.  The  driving  elements  are 
shown  schematically  in  the  flow  chart  In  Figure  8.2.  The  procedure  consists 
of  available  data,  »ossible  tasks,  problem  constraints,  electromagnetic 
emitter,  receptor  ana  coupling  models  all  interfaced  by  appropriate  expres¬ 
sions  (systems  equation^)  that  relate  electromagnetic  source  characteristics 
to  receptor  responses.'3)  This  procedure  is  usually  realized  in  terms  of 
one  or  more  computer  codes.  The  individual  driving  elements  comprising  the 
procedure  will  now  be  discussed. 

■  i 


*> 
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8. 3.1. 1  Tasks 


Each  procedure  Is  guided  by  the  particular  purpose  or  task  to  be 
performed.  The  analyst  Is  responsible  tor  identifying  the  task  which  may  be 
to  survey  a  receptor  for  Interference  when  in  the  field  of  one  or  more 
emitters.  Other  tasks  may  involve  waiver  analysis  or  tradeoff  studies  such 
as  the  frequency  assignment  of  many  receivers  among  many  emitters. 

8. 3. 1.2  Available  Data 


The  data  available  for  analyais  is  a  prime  determinant  of  any  EMC 
procedure.  Clearly  detailed  analysis  is  impossible  if  only  general  data  Is 
available.  The  complexity  of  data  available  is  primarily  a  function  of  the 
system  life  cycle.  Table  8.8  illustrates  the  system  data  as  a  function,  of 
liTe  cycle. 


Structural  data  includes  the  physical  size  and  shape  of  the 
system.  Detailed  analysis  such  as  method  of  moments  requires  structure 
geometry  accurate  to  fractions  of  a  wavelength,  while  .  for  more  general 
analysis  generic  shapes  may  suffice. 

* 

The  electrical  data  needed  by  various  procedures  may  be  us  de¬ 
tailed  as  time  waveforms  or  as  general  as  frequency  bands  of  operation. 
Many  coupling  models  require  waveform  source  descriptions  in  terms  of 
amplitude  versus  frequency  while  other  more  detailed  models  may  require 
phase  information. 

Performance  criteria  in  the  form  of  performance  degradation 
curves,  or  thresholds  are  also  viewed  as  data  because  they  are  necessary  for 
determining  parameters  (such  as  receptor  susceptibility)  necessary  for  any 
EMC  analysis. 

8 . 3 . 1 ,3  Additional  Constraints 

Any  analytical  tool  must  operate  within  certain  physical  con¬ 
straints.  The  previously  discussed  available  data  is  an  example  of  one  such 
constraint  powerful  enough  to  drive  the  analysis.  Examples  of  other  con¬ 
straints  are  computer  resources,  accuracy,  and  userability. 

8 . 3 . 1 . 3 . 1  Computer  Resources 

The  majority  of  analytical  tools  used  for  EMC  analysis  are  com¬ 
puter  programs.  As  such,  the  analysis  is  limited  by  the  resources  of  the 
computer,  primarily  processing  time  and  main  memory  storage  size.  Computer 
limitations  restrict  the  accuracy  of  EMC  analysis  because  of  the  necessity 
of  using  simpler  models  and  procedures  to  tailor  the  analysis  capability  to 
the  computer.  Computer  technology  continues  to  progress  at  a  rapid  rate 
allowing  for  more  accurate.  EMC  analysis  on  future  systems. 

8.3. 1.3.2  Accuracy 

Any  EMC  analysis  is  at  least  approximate.  The  approximations  that 
enter  into  an  analyst*,  generally  arise  from  two  sources;  problem  idealiza¬ 
tion  and  model  analysis. 


Table  8.3 


Data  Available  Versus  Phases  of  Life  Cycled ^ 

Conceptun 1 

•  System  Component  Function  Definition.*! 

•  Organization**  Kcspnp.Hlblc  for  I'auli  System  Component 

•  Concric  System  Component 

Power  Circuits 
Communication  Circuits 
Telemetry  Circuits 
Data  Processing  Circuits 

•  Expected  Geometry 

Size 

Weight 

Generic  Shape 

Validation 

•  Characteristics  of  Individual  Component  Power  Requirements 

Power  Requirements 
Time  Wavoforms 
Spectrum 
Susceptibility 

»  Prototype  Specifications 

Geometric  Data 
Schematics  and  Diagrams 
Material  Characteristics 

•  Support  Equipment  Characteristics 
Full  Scale  Development 

•  Geometric.  Data 

Shape,  and  Surface  Information 
Wire  Routing 
Component  Locations 

•  Test  Results 
Production 

•  Measure  Data  Production  Sample 

•  Refined  Data  on  Geometry  and  Electrical  diameter  J  Hi  leu 

•  Iku.erJption  of  Equipment  Down  to  Brand  Namen 

Deployment 

•  Ma  Into  nance  Stall  nil  es 

•  Mod  I  i  lest  ion  Spec  If  leal:  ions 


In  problem  Idealization,  the  actual  problem  la  replaced  by  a 
simpler,  more  treatable  problem.  The  simpler  problem  should  include  all 
important  factors  of  the  actual  problem  in  order  that  the  solution  of  the 
simple  problem  should  resemble  the  solution  of  t  .  actual  problem  in  all 
important  respects.  The  quality  of  the  simpler  solutions  is  judged  by 
comparison  with  experiment  or  other  analysis  or  by  increasing  the  complexity 
of  the  simpler  problem  until  the  problem  parameters  show  little  change. 

In  model  analysis,  a  model  or  method  of  solution  is  applied  to  the 
simple  or  Idealized  problem.  Different  models  or  methods  of  solution  will 
result  in  different  solutions  to  the  same  problem.  Accurate  model  analysis 
depends  on  the  accuracy  with  which  an  analytical  tool  predicts  important 
s ys tem  pa rame ters . 

8. 3. 1.3. 3  Userability 

Userability  refers  to  the  levol  of  competence  assumed  for  the  EMC 
analyst  in  search  of  an  analytical  procedure  or  tool.  There  are  two  aspects 
of  userability!  understanding  of  the  implementation  and  execution  of 
associated  computer  codes,  and  understanding  of  the  applicabilities  and 
limitations  of  the  tool  or  procedure. 

The  first  aspect  depends  on  the  ease  of  use  of  the  computer  code. 
This  aspect  impacts  the  learning  curve  for  a  procedure  but  not  the  resulting 
analysis . 


The  second  aspect  pertains  to  the  level  of  understanding  necessary 
to  correctly  apply  the  analysis  and  interpret  the  results.  Many  analysis 
models  require  years  of  experience  to  adequately  use  and  understand.  If  a 
user  has  a  choice  between  a  complicated  but  accurate  analysis  tool  that  Is 
poorly  understood  and  a  simplified,  less  accurate  tool  that  is  well  under¬ 
stood,  the  user  should  choose  the  latter  procedure. 

8. 3. 1.4  Emitter,  Recpetor,  and  Coupling  ModslB 

Due  to  the  large  number  of  sources  of  electromagnetic  emissions, 
the  variety  of  emission  models  is  very  large,  ranging  from  lightning  and 
nuclear  electromagnetic  pulse  models  on  the  one  hand  to  solid  state  device 
models  on  the  other.  The  number  of  possible  coupling  paths  between  emitters 
and  a  given  receptor  can  be  very  large  in  a  sophisticated  electronics 
equipment  and  are  becoming  increasingly  important  to  accurately  assess  due 
to  modern  digital  devices  which  are  sensitive  to  low  power  interference. 
Similar  comments  apply  to  receptors.  The  result  is  that  a  large  number  of 
such  models  in  either  the  time  domain  or  the  frequency  domain  are  usually 
required  for  any  general  systems  analysis  procedure.  The  emitter,  receptor 
and  coupling  models  are  chosen  to  simulate  system  equipment  operation  and  as 
such  are  strongly  dependent  on  available  data,  computer  power,  accuracy  and 
userability  discussed  earlier. 

8 . 3 . 1 . 5  Systems  Equations 


Systems  equations  relate  electromagnetic  source  characteristics 
to  receptor  responses.  Such  equations  form  the  basis  for  the  interference 


prediction  process.  The  emitter,  receptors  and  coupling  model  character¬ 
istics  are  used  to  form  a  mathematical  expression  for  assessing  the  inter¬ 
ference  present  at  a  receptor  due  to  a  set  of  emitters.  The  assessment  Is 
often  in  the  form  of  a  figure  of  merit.  The  form  taken  by  the  system 
equations  depends  on  the  system  models  used.  If  waveforms,  such  as  a  time 
varying  voltage,  are  used  then  waveform  system  equations  are  required  and 
take  the  form  of  voltage  and/or  current  margin  calculations.  If  waveform 
parameters,  such  as  average  power  or  peak  power,  are  used  then  parameter 
type  system  equations  are  required.  For  average  power  sensitive  receptors 
the  systems  equations  may  be  power  margin  calculations  in  terms  of  signal 
bandwidth. 


B  . 3 . 2  Guide  to  EMC  Procedure  Synthesis^ 3 ) 

As  an  aid  to  the  analyst,  a  logical  sequence  of  steps  that  act  as 
a  guide  to  constructing  an  EMC  analysis  procedure  is  now  presented.  The 
sequence  of  steps  is  based  on  the  flow  chart  illustrated  in  Figure  8.2.  By 
following  the  steps  the  analyst  can  choose  emitter  and  receptor  models, 
coupling  models,  and  system  equations  that  make  best  use  of  the  available 
system  data  yet  fit  the  constraints  of  the  problem. 

Step  1 .  The  task  to  be  performed  to  clearly  defined.  It  may  be 
to  survey  a  system  for  interference,  conduct  tradeoff  analysis  or  generate 
tailored  EMc  specifications. 

Step  2.  The  performance  criteria  for  all  receptors  are  examined. 
The  receptors  may,  for  example,  be  "peak"  power  or  average  power  sensitive. 
Based  upon  the  task  to  be  performed  and  the  receptor  performance  criteria,  a 
choice  of  systems  equations  can  be  made. 

Step  3.  All  emitter  and  receptor  models  are  now  selected  on  the 
basis  of  available  data  and  chosen  systems  equations.  Performance  criteria 
are  also  used  in  selecting  the  receptors.  For  example,  if  emitter  data 
available  is  average  power  spectral  density,  then  the  emitter  model  is  power 
versus  frequency  and  an  emitter  time  waveform  model  would  be  inappropriate. 

Step  4.  A  choice  of  coupling  models  is  now  made  based  upon  avail¬ 
able  data,  systems  equations  and  emitter  and  receptor  models  chosen.  At 
this  point,  a  complete  list  of  coupling  models  is  assembled  that  fits  with 
the  above  emitter  and  receptor  models. 

Step  5.  A  choice  is  now  made  among  the  coupling  models,  emitter 
models  and  receptor  models  to  form  the  analysis  procedure  with  the  systems 
equations.  The  choice  is  constrained  in  accordance  with  tradeoffs  defined 
by  the  task  and  the  further  constraints  of  computer  resources,  userablllty 
and  accuracy. 

The  procedure  synthesis  is  now  complete  when  all  models  have  been 
Identified,  interface  specifications  defined,  limitations  and  inaccuracies 
documented  and  computer  codes  assembled. 

8.4  Description  of  Programs  and  Facilities 


This  section  presents  an  overview  of  various  analysis  programs  and 


facilities  supported  by  the  Department  of  Defense  that  are  available  to  the  • 

analyst  as  tools  to  perform  a  systems  analysis  of  a  complex  electronics 
system. 


Two  facilities,  the  Electromagnetic  Compatibility  Analysis  Center 
(ECAC)  and  the  Air  Force  Intrasystem  Analysis  Program  (IAP)  support  center 
are  discussed  in  detail  regarding  both  their  EMC  data  bases  and  analysis 
capabilities.  A  brief  discussion  is  also  given  of  the  IAP  data  base  manage¬ 
ment  system. 


8.4.1  Electromagnetic  Compatibility  Analysis  Center  (ECAC) 


The  Electromagnetic  Compatibility  Analysis  Center  (ECAC)  is  an 
organization  under  the  direction  of  the  Department  of  Defense  (DOD)  whose 
mission  is  to  provide  data  and  expertise  to  the  DOD  on  matters  pertaining  to 
intersystem  and  Intrasystem  electromagnetic  compatibility.  Other  government 
agencies  and  go /eminent  contractors  are  served  on  a  limited  basis. 0,2) 


ECAC  maintains  a  data  base  which  consists  of  environmental  infor¬ 
mation  on  deployed  C-E  equipment,  detailed  technical  information  about  such 
equipment,  and  various  kinds  of  topographic  information.  Portions  of  the 


data 

exis 


are  stored  on  magnetic  tape  or  random  access  devices;  other  portions 
t  in  technical  reports  and  documents. vl«2) 


ECAC  provides  EMC  engineering  and  consulting  services  through  its 
collection  of  mathematical  models  and  computer  programs  that  are  designed  to 
predict  potential  electromagnetic  interference  (EMI)  problems. 


The  data  base  and  services  provided  by  ECAC  are  discussed  in  some 
detail  in  the  following  sections. 

8.4.1 . 1  Data  Base 


The  following  nine  files  and  subfiles  are  maintained  by  ECAC  as  a 
primary  EMC  resource. »^)  Information  stored  on  computer  fileB  may  be 
retrieved  using  data  base  management  programs  maintained  by  ECAC. 

8. 4.1.1. 1  Environmental  File^»2) 


The  environmental  file  is  a  set  of  subfiles  which  describe  the 
location  and  operating  characteristics  of  communications  and  eltsctronic 
equipment.  The  principal  use  of  the  data  is  to  Identify  equipments  located 
in  a  particular  environment  which  may  pose  an  interference  threat  to  a 
proposed  receiver,  or  which  may  be  susceptible  to  interference  from  a 
proposed  transmitter.  The  data  is  divided  into  files  that  are  either 
frequency  oriented  or  equipment  oriented  (E-file).  A  list  of  environmental 
parameters  collected  in  the  environmental  file  is  given  in  Table  8.9.  Table 
8.10  is  a  description  of  the  individual  environmental  subfiles. 

8 . 4 . 1 . 1 . 2  Nominal  Characteristics  File  (NCF)( *  * ^ ) 


The  Nominal  Characteristics  File  (NCF)  is  a  set  of  technical  data 
on  various  characteristics  of  both  civilian  and  military  communications  and 
electronic  equipment  used  in  the  United  States  and  certain  foreign  coun- 
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Table  8.9  Major  Parameter  Fields  Contained 

(2) 

In  Environmental  File  (E-File) 


Identity  number 
Security  claaeification 
Date  of  Keport 

Cognizant  military  aervice  or 
agency 

Organizational  Unit  name 
City/Bate 
State/Country 
Mobility  claaa 
Number  of  equipment! 

Latitude 
Longitude 
Site  elevation 
Terrain  type 

Equipment  nomenclature  ( 
Antenna  nomenclature 
Antenna  height 
Antenna  elevation  augla 
Antenna  azimuth  or  acan  rata 


Operating  cycle 

Modulation  typea 

Emlaalon  bandwidth 

Pulae  Width  Valuaa 

Pulae  repetition  rate  valuee 

Power  lavala  used 

frequency  end/or  frequency  range 

Equipment  function 

Deactivation  data 

Cell  Sign/llnkage  identifier 

Antenna  vertical  beamwidth 

Antenna  horizontal  baamwidth 

Mainbtaa  gain 

Area  of  Operation 

Activation  date 

Image  Rejection  level 

Harmonic  Output  Level 

IF  aelectivity 

Prea elec Cor .bandwidth 

Output  device  type 


tries.  Individual  electronic  components  are,  cross-indexed  to  the  equipments 
of  which  they  are  a  part.  The  computer  stored  data  originates  mostly  from 
technical  manuals  and  manufacturer's  data  sheets.  The  datn  fields  included 
in  the  NCF  file  aru  given  in  Table  8.11. 

8 . 4 . 1 , 1 . 3  Organization  and  Platform  Allowance  File  (OPAF)( ^ ) 


All  equipment  data  contained  in  the  E-file  and  NCF  file  are 
fixed-site  oriented.  The  Organization  and  Platform  Allowance  File  (OPAF) 
contains  information  on  computers,  by  subfile,  which  when  merged  with  the 
E-file  and  NCF  file  information,  describes  C-E  equipments  on  mobile  systems 
such  ae  ships,  aircraft,  missiles,  satellites  and  tactical  ground  units.  If 
the  mobile  oystem  is  known,  the  OPAF  g.lveB  a  list  of  equipments  that  aru  on 
it.  The  OPAF  subfiles  are  listed  in  Table  8.12. 

8. 4. 1.1. 4  Spectrum  Allocation  and  Use  File  (SAUF)(^ 

The  3AUF  contains  information  on  agreements,  regulations  and  laws 
concerning  the  use  of  the  various  allocated  bands  in  the  frequency  Bpectrum. 
Thu  Information  has  been  extracted  from  available  source  documents  and  is 
computer  stored.  All  Information  concerning  a  frequency  band  of  interest 
can  be  obtained  upon  request,  within  appropriate  security  requirements.  The 
documents  in  SAUF  are  listed  in  Tables  8.13  -  8.15. 

8 . 4 . 1 . 1 . 5  Topographic  Flle^ 1  * 2 ) 

The  Topographic  File  consists  of  computer  stored  terrain  elevation 
data  extracted  from  topographic  maps  obtained  from  the  Army  Topographic 
Command.  The  data  are  used  to  construct  topographic  profiles  (elevations 
and  obstructions)  between  any  two  points  in  the  Continental  United  States 
(CONUS)  as  well  as  parts  of  Vietnam,  Korea,  Alaska,  Hawaii  and  Germany/2) 
Grid  point  separation  is  variable  but  is  nominally  30  seconds  of  arc  (about 
1/2  mile)/l) 

8. 4. 1.1. 6  Frequency  Allocations  Application  Fils  (FAAF)^>2) 

The  FAAF  comprises  information  pertaining  to  the  frequency  allo¬ 
cation  status  of  present  and  future  military  C-E  systems.  Detailed  data  is 
kept  of  the  operational  and  functional  features  of  the  systems.  The  file 
may  be  interrogated  by  application  number,  frequency,  operational  data, 
geographic  area,  operational  environment  and  equipment  function.  A  partial 
11 8 1  of  data  fields  in  the  FAAF  is  given  in  Table  8.16. 

8 . 4 . 1 . 1 . 7  Spectrum  Signature  Flle^ ^ » 2 ) 

The  Spectrum  Signature  File  contains  spectrum  signature  hard  copy 
reports  that  characterize  the  emission  and  reception  characteristics  of 
selected  C-E  equipments.  The  Bpectrum  signature  measurements  are  made  in 
accordance  with  MIL-STD-449^2)  (Radio  Spectrum  Measurement  Characteris¬ 
tics).  A  list  of  parameters  contained  In  the  Spectrum  Signature  File  is 
given  in  Table  8.17 . 
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Tibia  9.11  Major  Paraseter  FLelda  In  the  Noulr.al 


Character liticg 

ruid  <hcf)  <2) 

Output  Tube  Typa 

Vartiaal  baaaaildtb 

Avaraga  powar  output 

lUetriial  tilt  aagia  rang* 

Faak  powar  output 

Nuobar  at  ulnkUM 

hi<u*tiey  rang* 

Faiuttot  tlMnalm 

Fula#  width  capability 

Vartiaal  aatanna  teaa  rata 

F*F  capability  fraguanoy 

lactor  aean  Haiti 

FM-CV  riavlation  fatlo 

Morlaantai  a  eats  rata 

fcaiaaion  bandwidth 

KlavatUn  ingla  raoga 

kia*  t  1m 

hiatar  uai  **  maker  of  kata 

bacay  tiai 

Angle  tracking  bandwidth 

Kirat  IF 

An|la  tracking  span  loop  gain 

Firal  IF  aaiactlvi ty 

Mnga  tracking  bandwidth 

BtootH  IF 

Mnga  tracking  apaft  loop  gain 

Itccmd  IF  ■•lantivity 

Velocity  tricking  bandwidth 

Third  IF 

Velocity  tracking  apan  loop  gain 

Third  IF  lalaotlvlty 

Frequency  geeeratien  lahaaia 

lanaitlvity 

laaa  baadwldth 

Malat  Figure 

ha  ratal*  awl  put  level 

Artaana  typa 

Friiilaitit  aaliatlvity 

Antanna  lead  typa 

Imp  rejaakieo  liril 

Antenna  lead  type 

AMaaM  laad  eutaff  fraqueniy 

Naflaetar  ahapa 

PoUrlutian 

Fundaamntal  antaaaa  lain 

Dttictar  typa 

Moi'Hontal  htawidth 

tpeetal  aircvUtry  reeurk 

Tab  la  1.12 


ORGANIZATION  AND  PLATFORM  ALLOWANCE  FILER  (qPAV)  (1> 


DESCRIPTION 

Conlalna  data  on  tha  C-E  equipment  com- 

S  lament  on  Navy  and  Coail  Guard  ihlpt 
y  type,  deea,  bull  numbar,  and  ihlp  name, 
Tha  C-E  complement!  art  liilad  by  lyiltml 
nomenclature!  md  do  not  Include  eompo* 
nami  of  lyiionu  unlaai  lha  component  li 
oparatlni  Indnpendently  from  tha  lynarn. 
Tha  US  Army  watercraft  an  inland  at 
typical  C-E  canfliurailoni  by  baalc  dailpn 
number  for  aacb  type  of  vaiaal.  Thi  flit  alao 
conlalni  actual  C-E  conniurilloni  for 
Comma.dtl  Dry  Carpo  and  Tinker  Marl- 
tlma  ahlpa  oparallnr  under  (ha  US  Pli|. 

Conlilnt  Air  Porca,  Army,  Navy,  and  Ma¬ 
rina  Carpi  Aircraft  by  Typa/Model/lcrice 
of  aircraft  tojather  with  their  eompleta  C-E 
oonfliuratloni.  Information  aa  to  what 
aquipmanti  may  ba  inilallid  nn  epeclfic  tail 
number!  within  a  type/modal/wnai  of  air¬ 
craft  ii  not  available,  Tha  flla  alia  conlalni 
tha  quantltlia  of  tha  type/model/wriaa  of 
aircraft  In  tha  preaenl  Inventory  for  each 
Service,  Tha  fill  conlalni  tha  Typical  C-E 
Con  figuration  of  Commercial  Air  Carrir 
Typa  Aircraft  by  lypa,  modal,  and  manu, 
faclurar.  It  doaa  not  contain  information 
on  Air  Carrlar  Aircraft  manufactured  by 
Lock  heed  Corporation. 

Contain!  tha  complainant  of  aqulpmant  in 
US  Army.  US  Marina  Carpi,  ana  US  Air 
Porca  Land  Tactical  unlta  Includini  mobile 
tactical  unlti.  The  C-E  conjuration  for  tha 
US  Army  unlti  It  inland  at  typical  conflp, 
uratloit  for  TO*  E  Company /Ratiiry  Laval 
of  Tactical  around  Unlti.  Tha  C-E  ronfli- 
uratlon  for  tha  US  Marina  Corpa  and  US 
Air  Porca  Tactical  Unlta  Ii  bawd  on  tha  ac¬ 
tual  on  hand  C-E  aqulpmant, 


UPDATE  SCHEDULE 

Navy  •  Quertarly 

CoealOuard  •  Semiannually 

Army  •  Semiannually 

Commerctil  Maritime  -  Aa  required 


Air  Foree  -  Annually 

Navy  -  Semiannually 

Army  •  Daponda  on  evnllaNI- 

Ityofpublioaiioiw 
Commercial  Air  Carrier  .  Annually 


Army 

US  Marine  Corpt  . 
US  Air  Form 


•  No  fitted  echadula 
(Update  acurca  balni 
Invaatliatad) 

-  Quarterly 

-  Annually 
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Table  8.16 


Major  Date  Fields  in  the  Frequency  Allocation  Application  File  (FAAF) 


(2) 


Uat* 

Title 

Agency 

Statue 

Application  numbers  (include  supporting 

Security  classification 

Function 

Operational  envrionmant 
Olographic  area  of  uee 
Nomenclature 

Physical  installation  or  platform 
Number  of  equipment* 

Operation  date  .  . 

Spectrum  signature  requirement 
Frequency  range 
Frequency  control  method 
Modulation  type 
Pouer 

Pulae  width  and  pulaa  repetition  freque 
Receiver  IF  bandwidth 
Antenna  bemnwldth 
Antenna  polarisation 


ef  erences) 


Table  8.17 


Data  Fields  in  the  Spectrum  Signature  File 


(2) 


Power  output  Standard  response 

Emission  spectrum  characteristics  Receiver  Intermodulation 


Modulation  characteristics 
Transmitter  intevmodulation 
Modulator  bandwidth 
Carrier  frequency  stability 
Sensitivity 
Selectivity 
Spurious  response 
Overall  susceptibility 
Receiver  modulation 


Pulse  and  CW  desenai tization 
Adjacent  signal  Interference 
Dynamic  range 
Oscillator  radiation 
Audio  selectivity 
Discriminator  bandwidth 
Antenna  measurements 
Antenna  patterns 


* 
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8.4.1.),  .8  Tactical  File^) 

The  Tactical  File  contains  Information  that  pertains  to  various 
military  tactical  deployments,  simple  and  complex.  The  file  also  contains 
routine  C-E  environments  present  in  various  regions  as  well  as  the  Equipment 
Allowance  File  (EAF) ,  an  inventory  of  equipments  used  by  various  categories 
(ships,  aircraft  operation  centers,  etc.)  of  the  military. '^) 

8 .4 . 1 . 1 . 9  Future  Fiie^ * ) 

This  file  contains  equipment  characteristics  data  concerning 
future  communications  and  electronic  systems. 

8. 4. 1.2  Analytical  Models 

ECAC  maintains  a  collection  of  analyticsl  models  that  operate 
either  as  a  part  of  EMC  systems  analysis  computer  codeB  or  in  a  stand-alone 
mode.  These  models  and  codes  provide  users  with  solutions  to  various 
electromagnetic  interference  (EMI)  problems  as  well  as  an  EMI  prediction 
capability.  A  list  of  analytical  models  maintained  by  ECAC  is  given  in 
Table  8.18. 

8. 4. 1.3  Engineering  Services ^ 

Based  on  the  analytical  techniques  and  data  available,  the  fol¬ 
lowing  services  are  available  from  ECAC. 

•  assistance  to  C-E  equipment  developers  on 
all  aspects  of  frequency  selection  and 
equipment  design. 

•  guidance  in  analysis  of  potential  site 
locations  for  new  equipment. 

•  power  density  analysis  as  a  function  of 
distance  and  topography . 

•  prediction  of  EMC  loss  for  various  tacti¬ 
cal  operations. 

•  prediction  of  EMC  effects  by  incorporating 
new  electronic  systems  into  existing  and 
future  environments. 


The  outputs  supplied  by  ECAC  are  not  in  a  standard  format  but  are 
tailored  to  the  particular  task.  They  range  from  narrative  di*-  ussions  to 
tabulations  of  data  in  numerical  or  graphical  form. 


8.4.2 


Intrasystem  Analysis  Program 


The  Intraaystem  Analysis  Program  (IAP)  is  a  set  of  computer  codes 
used  in  analyzing  electromagnetic  compatibility  (EMC)  problems  for  aircraft, 
space/satellite,  and  ground  based  systems . '3)  The  emphasis  of  the  IAP  is 
on  intrasystem  compatibility,  i.e.,  the  compatibility  of  numerous  elect ri- 
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Table  8. IS 


LISTING  OF  ECAC  MODELS  (1) 


I.  SUBSYSTEM  MODELS 

Transmitter  Emitslon  Spectrum  Synthesis 
Tranimllter  Emission  Spectrum  Models 
Fourier  Trunsforin  of  EM  Traperoldul  Pulses 
(HTRANS) 

Receiver  Waveform  Simululion  Model  (RWS) 

Frequency  Analyses  Subroutine  (FAS) 

Receiver  Response  to  a  Family  of  Pulses 
Butterworth  and  Chebylhev  Oi|ltal  Filters 
Pulse  Compression  Matched  Filter 
Impedance  Computation  and  Analysis  Progrsm 
(ZCAP) 

Multiple  Levei  Antenna  Model  (MLS) 

Antenna  Datu  Analysis  Program  (ANDATA) 
Pattern  Analysis  Subroutine  (PATAS) 
Transmlllcr/Recelver  Antenna  Coupler 
(TRACE' 

Intermoduluilon  Analysis  Model 
Spurious  Response  Idenllllcullon  Model 
Miser  Response  Model 
Ad|acenl  Channel  Interference  Summury 

J  propagation  models 

MASTER  PROPAGATION  SYSTEM, 

Terrain  Integrated  Rough  Earth  Model 
(TIREM) 

Integrated  Propagation  System  (IPS) 

Smooth  Curve  Smooth  Earth  (SCSE) 
Pittance  Free  Space  Spherical  Reflection 
Flald  (SFSRFI 

Slmplllied  Theoretical  Ground  Wave  (STOW) 
Modified  YEH  Troposcutter  (MYEH) 
NLAMBDA  (NX)  Ground  Wave  Model 
SKYWAVE  HF  PROPAGATION  MODEL 
COSITE  COUPLING  MODEL 
PROPAGATION  STATISTICS  GENERATOR 

3.  ENVIRONMENT  ANALYSIS  SYSTEMS 
Demand  Analytic  Programs 
Model  B 

Pulee  Density  Model 

Site  Analyals  Model  (SAMI 

Target  Acquisition  Model  (TAM) 

Power  Density  Display  Program  (PODP) 

IFF  MARK  X  (SIF)  Model  (AIMS-PPM) 

IFF  MARK  XII  Model  (AIMS-PPM) 

Rapid  Cull  Model 
Equipmeni  Desnlly  Program 


«  COSITE  MODELS 

Cn  ile  Analysis  Model  (COSAM) 

Airframe  Communications  Analysis  (AVPAk) 
Aircraft  Ordinance  RF  Analysis  (AVPAK  2) 


3.  SPECTRUM  MANAGEMENT  ANALYSIS 
MODELS  (FREQUENCY  ASSIGNMENT) 
Multiple  Channel  Assignment  Systems  (MCAS) 
LOS  Angle  Dsls  Channel  Assignment 
Mutual  Interference  Table 
Fiequancy  Assignment  Support  Subroutine 
(GRAPAS) 

FAA-ATC-VIIP  Frequency  Model 
Tactical  Lending  Force  EMC  Evelnstlon 
OfFFrequency  Rejection-Distinct  Calculation 
IOFRCAL) 


6.  DEGRADATION  ANALYSIS  MODEL 
Digridallpn  Analysis 


7,  STATISTICAL  AND  NUMERICAL 
ANALYSIS 

Auto-Cron  Correlation  Analysis  Model 
(ACCAM) 

List  Processing  Routines  for  Digital 
Simulation! 

Oentrallud  Flla  statistics  Analyiar  (Q43) 

MATH-PACK 

STAT-PACK 

Random  E-Filc  Generator  (REG) 

H-F ile  Equipment  Statistics  (X0IK)6) 

Antenna  Data  Analysis  Systam  (ADAS2) 
Topographic  Dali  Scatter  Diagram  (SCATER) 
Eaperlmenial  CaltulaFon-INR  Distribution 
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cally  connected  equipments  and  subsystems  residing  in  a  relatively  small 
volume  and  regarded  as  a  single  system.  The  IAP  effort  1b  directed  by  the 
Reliability  Branch,  Rome  Air  Development  Center  (RADC/RBCT) ,  Air  Force 
Systems  Command,  at  Griffiss  Air  Force  Base,  New  York. 

The  principal  component  of  the  IAP  is  the  Intrasystem  Electro¬ 
magnetic  Compatibility  Analysis  Program  (IEMCAP).  The  IEMCAP  code  provides 
the  basic  EMC  computer  analysis  at  the  system  level  for  all  phaHea  of  the 
system  lifecycle.  The  IEMCAP  can  survey  a  system  for  interference,  provide 
tradeoff  and  waiver  analysis  and  generate  specification  limits.  Aircraft, 
spacecraft  and  ground  installations  can  be  analyzed  with  the  IEMCAP  code. 
IEMCAP  contains  models  for  sources  of  electromagnetic  signalB,  receptors  of 
such  signals  and  transfer  coupling  of  electromagnetic  energy  between  source 
and  receptor. 

A  set  of  supplemental  computer  codes  are  Included  with  IEMCAP  in 
in  the  IAP.  One  code,  The  General  Electromagnetic  Model  for  the  Analysis  of 
Complex  Systems  (GEMACS),  Is  a  user-oriented  general  purpose  program  for 
solving  electromagnetic  radiation  and  scattering  problems  using  thin-wire, 
method  of  moment  (MOM)  techniques.  GEMACS  provides  a  near~field  analysis 
capability  for  the  IAP  and  a  more  detailed  backup  analysis  to  supplement 
IEMCAP. 


A  nonlinear  circuit  analysis  capability  is  provided  by  the  Non¬ 
linear  Circuit  Analysis  Program  (NCAP) .  Analysis  of  transmission  lineB  is 
supported  by  the  IAP  codes  XTA1K,  XTALK2,  FLATPAK  and  FLATPAK2  while  precip¬ 
itation  static  charging  is  handled  by  the  IAP  code  PSTAT.  The  IAP  codes  nre 
discussed  In  more  detail  in  the  following  sections. 

8 . 4 . 2 . 1  IntrasyBtem  Electromagnetic  Compatibility 
Ana lysis  P r  ogram  X IEMCApT 


The  Intrasystem  Electromagnetic  Compatibility  Analysis  Program 
(IEMCAP)  is  an  IAP  computer  code  designed  to  perform  an  KMC  analysis  on  u 
complete  electronic  system  level  at  any  or  all  stages  of  the  system  life 
cycle,  from  conceptual  design  of  the  new  system  to  retrofit  and/or  modi fi- 


cation  of  the  old  Bystem.' ^  In  accomplishing  the  system's  analysts,  a 
or  all  of  the  following  tasks  may  be  perf o rmed .' * ' 


ny 


•  provide  a  data  base  that  can  be  continuously 
maintained  and  updated  to  follow  systom  de¬ 
sign  changes. 

•  generate  EMC  specification  limits  tailored 
to  the  system. 

•  survey  a  system  for  interference. 

•  evaluate  the  impact  of  granting  waivere  to 
the  tailored  specifications. 

•  assess  the  effect  of  design  changes  on 
system  EMC. 

•  provide  comparative  analysis  results  on 
which  to  base  EMC  tradeoff  decisions. 
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8. 4. 2. 1.1  Emitter  and  Receptor  Models  • : • 

Each  IEMCAP  emitter  and  receptor  is  modeled  as  a  part  character¬ 
ized  by  an  emission  or  susceptibility  spectrum.  Each  spectrum  consists  of  a 
broadband  component,  which  represents  continuous  spectra  in  units  of  power 
spectral  density,  and  a  narrowband  component,  which  represents  discrete 
spectra  in  units  of  power.  Each  spectrum  is  also  divided  Into  a  required 
spectrum  deemed  necessary  for  system  operation,  and  a  nonrequired  spectrum, 
not  required  for  system  operation  but  present  as  a  spurious  emission  or 
susceptibility.  The  required  spectrum  may  be  specified  by  the  user  or 
calculated  by  IEMCAP  using  a  model  in  the  code.  The  emitter  models  present 
In  IEMCAP  are: (4) 


binary  frequency-shift  keying. 

amplitude  modulation  with  stochastic  process. 

angle  modulation  with  stochastic  process. 

single  sideband  amplitude,  phase  and  frequen¬ 
cy  modulation  with  a  stochastic  process. 

chirp  radar. 

pulse  code  modulation/ arapli tude  modulation  - 
nonreturn  to  zero. 

pulse  position  modulation. 

pulse  code  modulation/ ampli tude  -  biphase. 

pulse  amplitude  inodulatiori/frequency 
modulation. 

pulse  duration  modulation, 
single  pulse. 

pulse  train  (rectangular,  trapezoidal, 
triangular,  sawtooth,  high  frequency  ex¬ 
ponential,  damped  sinusoidal). 


The  susceptibility  model  in  IEMCAP  equates  an  RF  receptor  port 
susceptibility  to  the  receiver  sensitivity  that  is  provided  In  the  input 
data,  over  the  entire  receptor  spectrum,  as  defined  by  the  user-specified 
bandwidth.  For  a  signal,  or  control  port,  the  susceptibility  is  the  operat¬ 
ing  level  leas  20  dB.  The  nonrequired  spectra  are  set  to  the  levels  speci¬ 
fied  by  MIL-STD-461A  or  M1L-I-6181D  unless  a  change  is  specified  by  the 
user. 

8. 4. 2. 1.2  Transfer  Models^-* 


The  coupling  and  transfer  of  electromagnetic  energy  from  emitter 
port  to  receptor  port  in  IEMCAP  is  accomplished  by  the  transfer  models 
discussed  in  the  following  sections. 


8 . 4 . 2 . 1 . 2 . 1  Antenna-Coupled  Models^ ^ 5 

Included  In  this  model  are  antenna-to-antenna  and  antenna-to-wire 
coupling  on  an  aircraft,  spacecraft  or  ground  system  at  all  common  emitter 
and  receptor  frequencies*  In  computing  the  coupling  path,  propogation 
through  free  space,  around  the  fuselage,  and  diffraction  from  wing  edges  are 
taken  into  account.  Two  groups  of  antennaB  are  considered  in  this  model. 
The  first  group  is  a  set  of  low  gain  antennas  including  the  dipole,  slot 
loop  and  monopole  antennas.  They  are  modeled  by  trigonometric  expressions, 
or  as  specified  by  the  user.  The  second  type  is  a  set  of  high  gain  antennas 
such  as  arrays  or  reflectors,  and  is  modeled  by  a  three  section  representa¬ 
tion  of  the  gain  pattern.  The  gain  of  each  sector  currently  is  frequency 
independent  and  is  a  user  input.  For  antenna-to-wire  coupling  to  occur,  the 
wire  must  have  at  least  one  segment  behind  an  aperture. 

8. 4. 2. 1.2. 2  Wire-To-Wlre  Model<*> 

Wire-to-wire  coupling  occurs  if  a  wire  connected  to  an  emitter  and 
a  wire  connected  to  a  receptor  are  in  the  same  wire  bundle  Begment.  Thu 
wire-to-wire  routine  calculates  the  voltage  induced  in  the  receptor  wire  lue 
to  the  presence  of  the  emitter  wire  at  each  common  emitter-receptor  frequen¬ 
cy.  Models  for  open  wires,  shielded  wires  and  double  shielded  wires  in  a 
balanced  or  unbalanced  configuration  are  used  as  required. 

8. 4. 2. 1.2. 3  Case-to-Case  Model^) 

This  model  computes  coupling  between  equipment  cases.  These  cases 
are  modeled  as  dipoles. 

8. 4. 2. 1.2. 4  Environmental  Field  Models 

These  models  compute  the  coupling  of  external  and  internal  EM 
fields  to  a  reepeptor  port.  The  port  may  be  an  antenna,  wire,  or  equipment 
case.  Induced  current  is  calculated  for  wire  or  antenna  receptor  portB, 
while  the  impressed  field  is  determined  for  an  equipment  case  port. 

8  •  4 . 2 . 1 . 2 , 5  Filter  Models ( ^ ) 

The  filter  models  available  In  IEMCAP  are:  single  tuned,  low 
pasB,  high  pass,  band  pass  and  band  reject.  The  models  calculate  the 
insertion  loss  in  dB  provided  by  the  filter  at  a  given  frequency. 

The  filters  are  represented  as  ideal  lossless  networks  made  up 
only  of  capacitors  and  inductors.  Dissipation  is  considered  in  the  models 
by  providing  for  a  minimum  insertion  loss  at  the  tuned  frequency  or  In  the 
pass  band.  A  maximum  insertion  Iobs  is  provided  in  the  rejection  band. 
These  minimum  and  maximum  insertion  losses  bound  the  filter  transfer  func¬ 
tion. 

8 .4 . 2 . 1 . 3  Spectrum  Representation^  *■ 

Each  emitter  and  receptor  port  is  characterized  by  an  emission  or 
susceptibility  spectrum.  A  table  of  up  to  90  frequencies  ranging  from  3U  Hz 
to  18  GHz  is  assigned  to  each  equipment  in  the  system.  This  is  used  to  es¬ 
tablish  the  characteristics  of  all  port  spectra  within  the  equipment.  The 
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frequencies  are  specified  in  two  ways.  (1)  The  user  may  specify  the  upper 
and  lower  frequency  limits,  the  maximum  number  of  frequencies,  and  number  of 
frequencies  per  octave.  The  IEMCAP  code  then  generates  a  set  of  geometri¬ 
cally  spaced  frequencies  within  the  set  limits.  (2)  Alternatively,  the  user 
may  specify  the  upper  and  lower  frequency  limits,  the  maximum  number  of 
frequencies,  and  a  set  of  specific  frequencies  to  be  Included  (up  to  the 
maximum  number).  The  code  then  generates  geometrically  spaced  frequencies 
to  fill  in  the  frequencies  not  specified. 

At  the  port  level,  the  required  frequency  range  is  specified 
within  the  overall  equipment  frequency  range.  In  order  not  to  mias  peaks  or 
valleys  between  sample  frequencies,  the  spectrum  is  sampled  in  the  half-in¬ 
terval  between  a  given  frequency  and  each  of  its  neighboring  frequencies. 
The  maximum  frequency  is  picked  for  emission  spectra,  and  the  minimum,  for 
susceptibility  spectra.  This  process  quantizes  the  port  spectra  relative  to 
the  sample  frequencies. 

8. 4. 2. 1.4  Basic  SyBtemB  Analysis  Approach^) 

All  system  ports  are  considered  to  be  emitters  and/or  receptors 
of  electromagnetic  energy.  Each  port  is  characterized  by  both  a  required 
and  a  nonroquired  spectrum.  An  EMC  problem  is  said  to  exiBt  when  sufficient 
electromagnetic  energy  is  unintentionally  coupled  into  a  receptor  port  to 
exceed  its  susceptibility  threshold.  If  no  threshold  Is  exceeded  for  any 
receptor,  the  system  is  said  to  be  compatible. 

The  required  spectrum  for  each  port  is  nonad .jus table  in  the  code. 
The  nonrequired  spectrum  can  be  adjusted,  to  make  the  system  compatible.  An 
adjustment  limit  is  usually  included  to  prevent  too  stringent  a  spectrum 
adjustment. 

To  determine  if  Interference  is  present  at  a  given  receptor  port, 
the  level  of  power  coupled  into  the  receptor  at  its  terminals  must  be 
calculated.  This  task  is  accomplished  by  a  set  of  linear  systems  equations 
that  relate  receptor  models,  transfer  models  and  emitter  models  to  each 
other,  ".'he  systems  equations  in  IEMCAP  characterize  the  power  coupled  into 
a  receptor  in  terms  of  power  spectral  density.  This  adequately  character¬ 
izes  devices  sensitive  to  average  power,  but  may  not  be  sufficient  to  treat 
peak  power  devices.  Electromagnetic  interference  (EMI)  is  assessed  by 
computation  of  an  EMI  margin  that  serves  as  a  figure  of  merit. The  EMI 
margin  is  first  calculated  for  a  given  receptor  by  computing  the  ratio  ( Ln 
dB)  of  power  from  a  given  emitter  incident  at  the  receptor's  input  to  the 
given  receptor  power  susceptibility  level  at  each  frequency  common  to  a 
given  emitter-receptor  port  pair.  The  ratio  is  called  the  EMI  point  margin 
for  the  port  pair  at  the  given  frequency.  The  integrated  EMI  margin  Is  then 
calculated  over  all  frequencies  common  to  the  port  pair.  The  calculations 
are  repeated  for  every  emitter-receptor  port  pair.  Total  EMI  margins  are 
next  calculated  for  each  receptor  by  summing  the  contributions  to  the 
receptor  from  each  coupled  emitter,  at  each  frequency  (total  point  margins), 
and  over  all  frequencies  (total  integrated  margin).  The  total  integrated 
EMI  margin  represents  the  overall  figure  of  merit  for  the  receptor. '^) 

8 . 4 . 2 . 1 . 5  Program  Flow  and  Task  Analysis ^ ^ ) 

The  IEMCAP  work  is  divided  into  two. sect  ions.  The  first  section, 
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called  the  Input  Decode  and  Initial  Processing  Routine  (IDIPR),  reads  end 
checks  data  for  correct  format,  builds  working  files,  interfaces  with 
spectrum  models,  analyzes  wire  bundles  and  wire  connections  to  ports,  and 
constructs  the  initial  port  spectra.  The  second  section  called  the  Task 
Analysis  Routine  (TART),  performs  the  requested  KMC  systems  analysis.  A 
functional  flow  chart  of  IEMCAP  is  given  in  Figure  8.3. 

Two  permanent  files  of  major  Importance  are  constructed  during 
execution  of  IEMCAP.  The  first  file,  called  the  Intrasystem  Signature  File 
(ISF),  1b  initially  built  in  IDIPR  and  is  a  data  base  containing  all  input 
data  defining  the  system  and  the  port  spectra.  The  ISF  file  can  be  updated 
in  IDIPR  or  TART  as  the  system  design  is  modified.  The  second  file  is  the 
Poet  Processor  File  (PPF)  and  contains  all  of  the  IEMCAP  output  from  IDIPR 
and  TART.  The  file  is  either  in  printed  form  or  in  a  computer  file.  Data 
base  management  tools  are  being  developed  to  manage  both  the  ISF  and  PPF 
f ilea . 

The  TART  section  of  IEMCAP  can  perform  four  different  EMC  analysis 

tasks • 


One  task  is  a  Baseline  System  EMC  Survey  that  simply  scans  the 
system  for  interference.  If  the  Integrated  EMI  margin  for  an  emitter-recep¬ 
tor  port  pair  exceada  a  user-supplied  limit,  a  summary  of  the  port  pair 
Interference  is  printed  as  well  aB  total  signal  received  by  the  receptor. 

A  second  IEMCAP  task  is  Specification  Generation.  The  nonrequlred 
emitter  and  receptor  port  spectra  are  adjusted  until  the  syntem  is  compati¬ 
ble  to  within  a  user-specified  limit.  Any  incompatibilities  that  still 
exist  are  reported  aa  unresolved  interference.  The  adjusted  spectra  repre¬ 
sent  the  maximum  emission  and  minimum  susceptibility  specifications. 

A  third  task  1b  a  tradeoff  analysis.  The  IEMCAP  code  compares  the 
interference  of  a  modified  system  to  that  from  a  previous  baseline  or 
specification  generation  run.  The  effects  on  interference  of  antenna 
changes,  filter  changes,  spectrum  parameter  changes,  and  wirs  changes  can  be 
assessed.  No  ports,  equipments  or  subsystems  may  be  deleted  or  spectra 
frequencies  changed  in  this  analysis. 

The  fourth  task  is  Specification  Waiver  Analysis.  Portions  of 
specific  port  spectra  are  shifted  and  the  resulting  interference  compared  to 
a  previous  baseline  or  specification  generation  run.  The  effects  of  grant¬ 
ing  waivers  for  specific  ports  can  then  be  asessed. 

8. 4. 2. 2  Electromagnetic  Modal  for  the  Analysis 

of  Complex  Syotems  (GEMACS) >7,8; 

The  GEMACS  program  is  a  general  ueer-oriented  code  designed  to 
solve  radiation  and  scattering  problems  using  thin-wire  method  of  moment 
(MOM)  techniques. 

A  high  level  functional  flow  chart  of  GEMACS  is  shown  in  Figure 
8.4.  The  executive  routines  control  file  manipulation,  take  checkpoints 
in  the  analysis  and  handle  restart  from  the  checkpoints.  The  input  lan¬ 
guage  procesnor  handles  the  command  language  and  sends  the  data;  the  task 
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execution  processor  calls  the  appropriate  subproceasor  to  perforin  the 
analysis;  and  the  run  termination  processor  ends  the  analysis.  The  proces¬ 
sor  and  executive  routine  constitute  a  data  management  system. 

The  subprocessors  solve  a  radiation  or  scattering  problem  formu¬ 
lated  using  an  electric  field,  integral  equation.  The  system  geometry  is 
modeled  in  GEMACS  as  a  thtn-wire  grid  structure.  The  integral  equation  la 
then  reduced  by  standard  MOM  techniques^®)  to  a  matrix  equation  with  the 
following  general  form 

ZI“E  (8-1) 

where  is  the  Interaction  matrix  that  represents  field  coupling  between  the 
various  currents  on  the  wire  grid,  I.  is  the  current  matrix,  and  K  la  the 
uxcL  tat  Lon  matrix. 


In  order  to  calculate  1^,  the  Z  matrix  must  be  inverted  and  GEMACS 
contains  a  matrix  inversion  routine.  In  the  case  of  a  large  Z  matrix,  full 
Inversion  is  Impractical  and  GEMACS  employs  an  approximate  solution  proce¬ 
dure  called  the  Banded  Matrix  Iteration  (BMI)  technique.'®)  In  thin 
technique,  the  2^  matrix  is  divided  into  a  banded  matrix  B_,  a  lower  triang¬ 
ular  matrix  L,  and  an  upper  triangular  matrix  U_  ae  ohown~"in  (8-2),  whore  M 
is  the  bandwidth.  ~ 


M 


»  t^lOU 


Equations  (8-1)  and  (8-2)  lead  to  the  following  iterative  equation 
for  the  current  Is 

B  IJ+i  -  E-(L+U)Ij  (8-3) 

The  first,  step  in  the  solution  process  is  to  decompose  the  banded  matrix  B 
into  upper  and  lower  triangular  matrices  By  and  respectively.  Equa¬ 
tion  88-3)  is  written  In  the  form 

Bl  Yj  -  E-(L-fU)lj  (8-4) 

The  matrix  Yj  is  solved  by  forward  elimination,  using  Ij»  the  currents 
at  the  Jtn  iterative  step.  The  matrix  4  is  just  the  product  of  By 
with  Ij+j  . 


hx  Ij+1  “  Xj  (8“3) 

Thu  current  matrix  Ij+j  is  then  solved  by  backward  substitution.  The 
process  ia  repeated  until  convergence  is  obtained.  The  convergence  r«tu  is 
sharply  dependent  on  M,  the  bandwidth  of  B.  Many  field  problems  have  been 
treated  with  success  utiing  GEMACS. 
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The  GEMACS  code  belongs  to  the  Air  Force  Intrasystem  Analysis 
Program  (IAP).  It  provides  a  near-field  analysis  capability  and  serves  as 
a  complement  to  IEMCAP,  the  TAP  system  level  EMC  program.  GEMACS  haB  a 
checkpoint/ res  tart  capability  allowing  long  analyses  to  be  stopped  and 
restarted  at  will,  both  as  a  protection  against  computer  failures  and  as  an 
aid  in  changing  the  command  language  stream.  An  extensive  debugging  and 
error-checking  capability  is  built  into  the  code  to  aid  analysis  and  future 
upgrading  of  the  software. 

8 . 4 . 2 . 3  Nonlinear  Circuit  Analysis  Program  ( NC AP ) ^ ) 

The  Nonlinear  Circuit  Analysis  Program  (NCAP)  calculates  the  non¬ 
linear  trunsfer  functions  of  an  electronic  circuit.  Standard  circuit 
elements  are  used  in  interconnecting  networks  containing  up  to  500  nodus. 
The  following  circuit  element  models  are  Included  in  NCAP: 

•  Independent  Voltage  Source 

•  Linear  Dependent  Sources 

•  Nonlinear  Dependent  Sources 

•  Linear  Components 

s  Nonlinear  Components 

•  Vacuum  Diode 

•  Vacuum  Triode 

•  Vacuum  Pentode 

•  Semiconductor  Diode 

•  Bipolar  Junction  Transistor 

•  Field  Effect  Transistor 

NCAP  has  a  free-field  format  for  Input  data,  a  user-oriented  com¬ 
mand  language,  a  capability  to  build  device  models,  in  addition  to  the 
Htored  models  and  a  frequency  sweep  feature  that  allows  an  analysis  of  the 
circuit  to  be  done  over  a  range  of  frequencies  in  one  run. 

NCAP  solves  the  nonlinear  network  problems  by  forming  the  model 
admittance  matrix  for  the  entire  network,  and  first  order  generator  (current 
source)  exltatlon  vector  for  all  linear  sources  in  the  network*  The  first 
order  model  voltage  vector,  which  contains  the  first  order  transfer  func¬ 
tions  at  the  given  frequency,  is  then  calculated.  Higher  order  transfer 
fiuict  Lons  are  then  solved  interactively. 

H . 4 . 2 . 4  Precipitation  Charging,  Nolne  Generation  and  Coupling  (PSTAT)( 1 1 ) 

The  program  Precipitation  Charging,  Noisu  Generation  and  Coupling 
(PSTAT)  predicts  the  effect  of  precipitation  static  noLse  upon  a  wide 
variety  of  aircraft  under  many  different  flight  situations.  The  code  is 
baaed  upon  the  results  of  both  theory  and  experiment.  The  accuracy  of  PSTAT 
vurleu  from  a  Few  percent  to  tens  of  percent  depending  on  the  aircraft 
design.  It  cannot  be  applied  to  helicopters  or  misailes  because  their 
geometrLca  are  radically  different  from  aircraft. 


8 . 4 . 2 . 5  Transmission  Line  Codes 

Four  transmission  line  codes  are  supported  In  the  IAP.^^)  The 
first  code,  XTALK,  analyzes  N+l  bare  wires;  N  bare  wires  above  an  infinite 
ground  plane,  and  N  wires  within  a  cylindrical  shield  containing  a  homogen¬ 
eous  dielectric.  All  wires  are  considered  in  equivalent  XTALK  except  the 


wires  may  be  imperfect  conductors.  The  code  FLATPAK  analyzes  N+L  wire 
ribbon  cables  for  perfectly  conducting  wires.  The  code  FLATFAK2  considers 
the  N+l  wire  ribbon  cable  problem  for  imperfectly  conducting  wires.  AH 
codes  assume  n  steady  state  sinusoidal  excitation  and  a  lossless  medium 
around  the  conductors. 

8.4.3  Interference  Prediction  Process  -  Number  1  (1PP-1) 

The  Interference  Prediction  Process  -  Number  1  (1PP-1)  is  a  com¬ 
puter  code  developed  by  the  Rome  Air  Development  Center  (RADC),  GriEflaa  Air 
Korea  Base,  New  York  to  analyse  and  predict  possible  interference  sltuatlpna 
for  any  proposed  or  uxisting  deployment  of  transmitters  and  receivers .' ^ ?5) 
The  IP  P-1  code  can  be  used  fors^Oj 

A.  the  preliminary  development  of  system  or 
equipment  requirements  and  specifications. 

B.  the  preparation  of  specification  compliance 
test  plans. 

C.  the  evaluation  of  test  results. 

D.  the  revision  of  specifications  or  equipments 
for  conditions  of  noncompliance. 

E.  the  evaluation  of  systems  in  a  specific 
operational  environment. 

Specific  problems  that  IPP-1  may  analyze  include  the  following! 

A.  Examine  the  EMC  situation  for  a  complex  of 
equipments  and  identify  problem  areas. 

B.  Examine  the  impact  of  changing  the  operating 
frequency  of  one  or  more  equipments  in  the 
complex. 

C.  Examine  the  impact  of  adding  a  transmitter  to 
an  existing  complex  of  equipments. 

D.  Examine  the  interference  produced  in  a  receiver 
when  added  to  an  existing  complex. 

K.  Determine  which  one  of  several  possible  loca¬ 
tions  for  a  receiver  provides  the  least  probable 
interference. 

F.  Determine  the  source  and  cause  of  a  known  inter¬ 
ference  problem. 

G.  Determine  the  amount  of  suppression  required  to 
correct  a  specified  interference  situation. 

H.  Obtain  site  survey  or  EMC  environment  type  of 
information  for  a  given  location. 
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T. . 


Obtain  site  survey  or  EMC  environment  type  of 
Information  for  a  given  receiver  or  group  of 
receive rs . 


J.  Determine  propagation  loos  over  a  specified 
path. 

K.  Obtain  specific  interference  characteristic 
data  on  transmitters,  receivers  or  antennas 
contained  on  the  equipment  characteristic  tape 

In  addition,  several  basic  typeB  of  analysis  may  be  requested 
which  Include :  ^ 


A.  Data  base  management. 

H .  Rapid  cull  EMC  analysis. 

C.  Frequency  cull  EMC  analysis. 

I).  Detailed  EMC  analysis. 

E.  Propagation  loss. 

F.  Power  denaity  and  field  strength  analysis. 

G.  Intennodulation  analysis. 

H.  Frequency  band  analysis. 

I.  Adjacent  signal  analysis. 

J.  Frequency/ signal  analysis. 

The  IPP-1  code  is  controlled  by  an  executive  routine  that  pro¬ 
cesses  data,  builds  files  and  oversees  the  type  of  analysis  to  be  performed. 

The  remaining  routines  c  urry  out  the  analysis.  ^  *^)  The  inter¬ 
ference  analysis  is  divided  into  two  parts!  (1)  a  rapid  cull  used  for 
eliminating  the  obviously  noninterf ering  parts  of  the  problem  by  means  of 
simple  criteria,  and  (2)  a  frequency  cull  which  involves  a  frequency  depen¬ 
dent  analysis  of  possibly  interfering  situations. 

The  frequency  cull  uses  detailed  emitter,  receptor  and  propagation 
models  to  predict  a  figure  of  merit  (interference  margin)  for  each  receiver. 
Included  in  the  analysis  is  a  statistical  description  of  emitter  output  sig¬ 
nal  propagation,  and  receiver  reHponso.  The  figures  of  merit  are  then  tab¬ 
ulated  for  uach  receiver. 


U.4.4  The  Coaite  Analysis  Model  (CO SAM) 


The  Cosite  Analysis  Model  (COSAM)  is  a  computer  code  designed  to 
evaluate  the  electromagnetic  compatibility  of  u  single  site  in  the  neighbor¬ 
hood  of  a  large  numbur  (1)0)  of  communication  transmitting  and  receiving 
equipments. '  ^  ^  A  coaite  EMC  problem  implies  close  proximity  of  trans¬ 
mitting  and  receiving  receiver  input. 


In  performing  the  interference  analysis,  up  to  five  interactions 
are  considered  by  COSAM:  (1)  adjacent  signal,  (2)  spurious  emissions,  (3) 
spurious  responses,  (4)  receiver  intermodulation,  and  (5)  transmitter 
inte modulation.  The  results  from  each  required  interaction  are  combined  In 
COSAM  to  produce  an  output  signal-to-noise  (S/N)  and  signal-to-interf erence 
plus  noise  (S/I+N)  ration  that  serve  as  performance  scores. 

8.4.5  Specification  and  Electromagnetic  Compatibility 

Analysis  Program  (SEMCAPT 

Specification  and  Electromagnetic  Compatibility  Analysis  Program 
(SEMCAP)  is  a  computer  code  developed  by  TFW  Systems,  Redondo  Beuch,  Cali¬ 
fornia  for  the  NASA  Manned  Spacecraft  Center,  Houston,  Texas. !*■ » 15-17 ) 
The  code  is  designed  to: 

A.  analyze  a  system  for  electromagnetic  compatibility; 

B.  develop  EMC  specification  generation  and  suscepti¬ 
bility  limits  consistent  with  desired  signals; 

C.  perform  a  waiver  analysis  on  the  Bystem. 

SEMCAP  is  a  systems  level  EMC  code  and  is  very  elmllar  in  design 
to  the  IEMCAP  code  discussed  in  Section  8. 2. 2.1. 

8 . 4 . 5 . 1  Analysis  Models 

The  analysis  models  used  in  SIS! CAP  include  models  for  emitters, 
receptors  and  coupling  paths  between  an  emitter-receptor  pair. 

Emitters  and  receptors  are  each  given  a  spectrum  representation 
divided  into  a  priority  1  functional  port  (similar  to  the  IEMCAP  code 
required  spectrum)  and  a  priority  2  extraneous  port  (similar  to  the  IEMCAP 
code  nonrequired  spectrum). 

Coupling  paths  are  modeled  by  the  foi  lowing  electromagnetic  trans¬ 
fer  functions:  (1)  antenna-to-antenna,  (2)  antenna-to-wlra,  (3)  wire-to- 
wlre  and  (4)  f ield-to-wire .  All  transfer  function  models  are  similar  to  the 
models  found  in  the  IEMCAP  code  (Section  8. 2. 2.1). 

8. 4. 5. 2  Compatibility  Analysis 

The  first  step  in  the  analysis  is  the  calculation  of  the  required 
spectrum  (priority)  interference  of  emitters  upon  receptors.  Unless  the 
spectra  are  incompatible  with  the  priority  1  receptors  spectra,  a  margin 
between  interference  and  malfunction  will  exist  for  the  receptor.  Priority 
2  (nonrequired)  emission  spectra  are  then  not  allowed  to  exceed  this  margin. 

The  voltage  Vjj  included  by  generator  i  at  receptor  J  1b  cal¬ 
culated  by 
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G1(b)  T^Oj)  Pj  (b)  db 


(8-6) 


where  G^(f)  is  the  amplitude  at  frequency  f  of  the  source  i;  voltage 
spectrum,  is  the  amplitude  at  frequency  f  of  the  receptor  j  voltage 

spectrum,  and  TjjCf)  is  the  amplitude  at  frequency  f  of  the  voltage 
transfer  function  between  generator  i  and  receptor  j.  Equation  (8-6)  gives 
the  peak  response  of  a  receptor  model  due  to  source  and  coupling  models 
characterized  by  an  amplitude  density.  The  SFMCAP  compatibility  analysis  is 
then  best  suited  for  treating  transient  or  impulsive  signals  and  devices 
characterized  by  peak  power. This  is  in  contrast  to  the  IKMCAP  code 
which  uses  a  power  spectral  density  model  for  emitters,  receptors  arid 
transfer  functions  and  characterizes  devices  sensitive  to  average  power. 

8,4. 5.3  Specification  Generation  and  Waiver  Analysis 

Besides  surveying  the  system  for  interference,  SEMCAP  generates 
tailored  specifications  by  modifying  the  extraneous  emitter  and  receptor 
spectra  to  produce  a  compatible  system,  and  assesses  the  effect  on  the 
system  cf  granting  waivers  to  the  specifications.  The  general  procedure  Is 
similar  to  the  specification  generation  and  waiver  analysis  capability  In 
the  1EMCAP  code  (Section  8.2. 2.1). 

8.4.6  Shipboard  Electromagnetic  Compatibility  Analysis  (SEMCA) 

The  Shipboard  Electromagnetic  Compatibility  Analysis  model  (SEMCA) 
L  «  sot  of  comput|t 

IrecSty^ingequf  pments  *  located  on  a  ship.  The  SEMCA  code  is  tailored  to 
shipboard  design  in  that  intraship  coupling  is  tied  to  ship  topside  model¬ 
ing.  SEMCA  is  used  primarily  in  the  VLF/LF/HF  and  VHF/WHF  frequency  ranges, 
but  has  been  extended  to  microwaves  in  the  SEMCAM  (Shipboard  Electromagnetic 
Compatibility  Analysis  Microwave)  code.  This  code  has  been  used  '  '  in 
topside  design  of  new  ships,  to  assess  EMC  impact  of  alternate  equipment  and 
antenna  Hite,  for  frequency  assignment,  and  for  generation  of  EMC  specifi¬ 
cations  for  new  equipment  design.  The  code  has  been  expanded  from  a  cosite 
model  which  considers  only  intraship  problems  to  Include  off-ship  signals 
sources. 


8 . 5  Data  Base  Management 

In  Section  8.2  of  this  chapter,  a  number  of  facilities  and  pro- 
grans  were  described  that  are  necessary  and  useful  In  performing  an  EMC 
analysis.  In  purforraing  such  an  analysis,  the  systematic  manipulation  of 
large  amounts  of  data  may  be  required,  both  as  program  input  and  output. 
Such  data  handling  is  beBt  performed  by  proper  data  bas^  lanageraent  software 
t  oo  Is . 
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8.5.1  ECAC  Data  Base  Management 

The  Electromagnetic  Compatibility  Analysis  Center  (ECAC)  has  a  sot 
of  programs  that  are  designed  to  primarily  retrieve  specific  information 
from  its  collection  of  EMC  data  files.  These  files  have  beon  described  in 
Section  8.2,1  of  this  report.  A  list  of  ECAC  lata  base  query  programs  is 
given  in  Table  8.19 . 

8.5.2  IAP  Data  Base  Management 

The  Intrasystera  Analysis  Program  (IAP),  under  the  direction  uf  the 
Rome  Air  Development  Center,  Griffis  Air  Force  Base*  New  York,  is  being 
currently  expanded  to  include  a  number  of  data  base  management  tools.  A 
brief  description  of  existing  and  currently  planned  programs  is  given  in  the 
following  sections. 

8 . 5 . 2 . 1  System  File  Handler 

The  System  File  Handler  (SFH)  is  a  FORTRAN  software  code  capable 
of  building  and  editing  sequential  files  on  magnetic  tape  or  random  de¬ 
vices.  >20)  xhe  primary  function  of  the  SFH  is  to  access  the  IAP  files  in 
the  Electromagnetic  Compatibility  Analysis  Program  (IEMCAP)  called  the 
Intrasystem  Signature  File  (1SF)  and  the  Post  Processor  File  (PPF),  as  well 
ah  to  access  the  IAP  System  Data  File  (SDF)  which  la  described  in  the  next 
section.  The  SFH  provides  a  variety  of  services  and  is  designed  uo  that 
additional  services  can  be  easily  Incorporated  as  they  become  available. 

The  basic  services  offered  by  the  SFH  aret  ACCESS,  LOAD  and 
UPDATE.  The  ACCESS  function  allows  a  user  to  query  a  file  to  obtain  speci¬ 
fic  attributes  about  the  data,  display  requested  information,  or  create  a 
subset  copy  of  the  original  file.  The  LOAD  function  allows  a  user  to 
gunerate  a  data  file  from  scratch.  The  UPDATE  functions  allow  for  file 
modification  and  maintenance. 

The  SFH  is  designed  to  be  used  on  a  general  purpose  digital  com¬ 
puter  and  to  be  essentially  free  of  any  particular  machine  or  operating 

system.  The  command  language  is  designed  to  be  as  user  oriented  as  possi¬ 
ble.  The  SFH  will  allow  the  user  to  access  the  wealth  of  data  that  exists 

either  as  input  data  for  the  various  IAP  codes,  or  output  data  from  an  IAP 

analysis  of  a  system. 


8 *5* ^ *2  System  Data  File 

The  System  Data  File  (SDF)  is  a  data  baBe  that  digitally  stores  in 
a  standard  format  all  of  the  electrical  and  physical  characteristics  of  a 
system  necessary  to  perform  an  EMC  analysis  using  any  code  in  the  IAP/21' 
A  SDF  will  exist  for  each  system  analyzed  using  the  IAP  codes. 


Access  to  the  SDF  will  be  by  means  of  the  System  File  Handler 
(SFH)  described  in  Section  8. 3. 2.1.  The  SFH  will  be  used  in  conjunction 
with  an  IEMCAP  translator  (currently  under  development  at  RADC)  to  access 
the  SDF  and  automatically  prepare  most  of  the  input  data  required  to  perform 
an  IEMCAP  analysis  on  a  given  system.  This  will  relieve  the  user  of  the 
burden  of  preparing  the  data  manually.  All  codes  will  be  available  in  the 
near  future. 
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Table  8.19  ECAC  Data  Base  Management  Program 


DATA  BASE  SELECT  CAPABILITIES 


On-Line  E-File  General  Format  and  Print  Program 
On-Line  E-File  General  Select  Capability 
On-Line  E-File  (SPACE) 

The  C&E  Deployment  System 
Topographic  Data  File  Select  and  Print  Program 
(TOPSEL) 

Profile  Print  Program 

Operational  Platform  Allowance  File  (OPAF) 
General  Formal  and  Print  Program 
Nominal  Characteristics  File  (NCF)  Equipment 
Selection  Programs 

Propagation  Measurement  Retrieval  System  (PMRS) 
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9.0 


MEASUREMENT  TEST  AND  EVALUATION 


This  chapter  addresses  the  alternative  methods  by  which  the  vari¬ 
ous  parameters  of  composite  materials  are  experimentally  measured.  Section 

9.1  outlines  the  various  experimental  techniques  used  to  measure  various 
composite  intrinsic  properties  such  as  permeability,  permittivity,  resistiv¬ 
ity  and  conductivity.  Several  mathematical  models  of  conductivity  have  been 
developed  and  they  are  included  for  comparison.  Section  9.2  addresses 
electric  and  magnetic  shielding  effectiveness  measurement  techniques  using 
several  different  approaches  of  what  constitutes  shielding.  The  advantages 
and  limitations  of  all  techniques  are  reviewed. 

9 . 1  Techniques  for  Measuring  Intrinsic  Parameters 

In  this  -»ection  the  methods  used  to  measure  the  permeability, 
permittivity,  conductivity  and  resistivity  of  composite  materials  are 
discussed  in  detail.  In  addition,  certain  mathematical  models  for  the 
conductivity  of  composites  are  presented. 

9.1.1  Permeability 

Because  the  present  fabrication  of  Kevlar/epoxy,  boron/epoxy  and 
graphite/epoxy  does  not  involve  magnetic  materials,  permeability  measure¬ 
ments  have  been  somewhat  limited  in  scope.  Low  frequency  permeability 
measurements  have  been  made  using  the  sample  weighing  AS1M  method' ^  which 
Is  Illustrated  schematically  in  Figure  9.1.  In  this  method,  a  strip  of 
composite  sample  of  known  dimensions  la  suspended  in  an  air  gap  between  two 
magnetic  poles.  The  sample  is  attached  to  an  analytic  balance  and  the 
weight  of  the  sample  is  recorded  with  the  magnetic  field  on  and  off.  The 
permeability  is  then  given  by  the  formula'-^) 


U  ■  U  U  + 


24. 6F 


AH 


(9-1) 


where  F  is  the  magnetic  force  (in  mg),  H  is  the  magnetic  field  strength  (in 
oersteds)  and  A  is  the  area  of  the  magnetic  poLes  (in  cra^).  The  strip 
dimensions  are  a  function  of  the  formula  (9-1).  The  accuracy  of  the  method 
is  limited  primarily  >y  the  sensitivity  of  the  analytic  balance  and  the 
accuracy  of  the  strip  dimensions. 


At  100  Hz  the 


a  vibrating  sample  magnetome! 


permeability  of  the  composites  was  determined  using 
itometer.'^'  For  the  frequency  range  100  Hz  -  1000 


magnetometer.''''  for  tne  rrequency  range 
Hz,  Epstein  frames'  ^>2)  consisting  of  alternating  strips  of  composite  and 
ferromagnetic  material  in  a  solenoid  core  can  be  used  to  determine  the 
permeability.  Higher  frequency  techniques  have  not  been  developed  since  the 
high  frequency  permeability  of  present  day  boron/epoxy,  Kevlar/epoxy  and 
gr aphlte/epoxy  is  not  expected  to  differ  much  from  the  permeability  of  free 
space  (b0). 


9.1.2  Permittivity 


Two  methods  of  measuring  the  permittivity  are  reviewed  in  this 

sect  ion. 

9 *  1 . 2 . 1  ASTM  Standard  Method 

The  AS1M  standard  procedure^)  for  measuring  the  permittivity 
of  composite  materials  consists  of  constructing  a  capacitor  containing  a 
composite  sample  between  two  flat,  parallel  metal  electrodes*  The  capaci¬ 
tance  is  then  measured  using  a  standard  capacitance  bridge*  The  permittiv¬ 
ity  is  then  calculated  using  the  fornulu 


where  C  is  the  capacitance,  L  is  the  sample  length  between  the  electrodes, 
and  A  is  the  sample  cross-section  between  the  electrodes. (2,3)  Equation 
( 9 r2 )  assumes  the  flat  parallel  plate  geometry  illustrated  In  Figure  9.2. 
This  is  the  best  geometry  to  use  since  the  capacitance  can  be  accurately 
calculated  and  the  composite  samples  are  easy  to  prepare. 


Sample  preparation  Is  extremely  important  irt  order  for  this  method 
to  give  reliable  results.  Proper  sample  and  electrode  cleaning  procedures 
are  required  since  an  impure  surface  will  give  poor  capacitance  data.  Good 
electrical  contact  is  required  to  give  low  contact  resistance.  To  accomp¬ 
lish  this  goal,  a  vacuum  deposition  technique  is  usually  necessary. 

The  principal  limitation  of  the  method  is  the  fringing  of  the 
electric  field  at  the  electrodes.  This  effect  can  be  greatly  reduced  by 
using  guarded  electrodes  which  are  illustrated  in  Figure  9.3  for  a  dielec¬ 
tric  sample  holder.  The  top  electrode  consists  of  a  center  piece  and  each 
edge  piece.  For  gaps  small  compared  to  sample  thickness  and  If  all  top 
electrode  potentials  aro  assumed  the  same,  the  center  electrode  will  not 
fringe.  The  method  is  valid  from  D.C.  to  about  30  MHz. 


9 . 1 .2 .2  Effective  Permittivity 

An  effective  or  average  permittivity  can  be  calculated  using  plane 
wave  EM  shielding  measurements.  Plane  wave  shielding  is  discussed  in 
Sections  6.1  and  9.2  of  this  report  so  only  a  summary  of  the  relevant 
formulas  will  be  given  here. 


The  plane  wave  transmission  coefficient  through  a  composite 

barrier  Is 
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where  p  la  the  reflection  coefficient,  r  is  the  propagation  constant,  and  t 
la  the  composite  sample  thickness.  Shielding  measurements  that  yield 
amplitude  and  phase  information  on  T  allow  P  to  be  determined. i^k9) 

Knowledge  of  p  allows  the  effective  complex  permittivity  ex  to  be  detrained. 


Ex  ■  E  (1-j  tan  6) 


(9-4) 


where  e  is  the  real  part  of  the  effective  permittivity  and  tan  6  is  the  loaa 
tangent .(2) 

9.1.3  Resistivity 

The  two  AS1M  standard  methods  for  measuring  the  low  frequency 
resistivity  of  composite  materials  are  the  two-point  and  four-point  probe 
methods, '2, 3, 5)  described  in  this  section. 

9. 1.3.1  Two-Point  Method 


Ohmic  contacts  are  mad«  to  the  ends  of  a  rectangular  cross  section 
of  material.  A  known  current  is  passed  through  the  aample  and  the  voltage 
la  measured.  The  resistance  of  the  sample  is  taken  to  be 

R  -  ~  (9-5) 


where  V  is  the  measured  sample  voltage  and  I  la  the  known  test  current.  The 
resistivity  is  then  given  by 
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where  W  Is  the  sample  width;  L,  the  sample  length  between  the  drive  con¬ 
tacts,  and  t  the  sample  thickness.  The  two-point  method  is  illustrated  in 
Figure  9.4.  Results  are  valid  to  about  30  -  50  MHz. >2) 

The  two-point  method  assumes  a  uniform  current  across  the  sample 
face  and  a  hoogeneouo  material. (2)  The  most  reliable  resistivity  measure¬ 
ments  in  practice  are  done  on  single  material  crystals.  For  materials  of 
mixed  orientation  such  as  ca  losites  the  two-point  method  works  best. (3) 
It  is  necessary  that  low  resistance  ohmic  contacts  be  made  to  the  sample, 
preferably  by  vacuum  deposition  of  aluminum  or  indium.  Sample  preparation 
is  critical  for  reliable  results  to  be  obtained.  At  high  excitation  levels, 
the  two-point  method  can  be  used  by  just  increasing  the  voltage.  Because  of 
possible  nonlinear  response,  equations  ( 9—3 )— ( 9— 4 )  are  replaced  by 
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9 .1.3 .2  Four-Point  Method 


In  this  technique,  four  probee  are  aligned  equidistant  on  a  ma¬ 
terial  sample  as  illustrated  in  Figure  9.5.  The  outer  two  probeB  inject  and 
extract  a  known  current.  A  voltage  (both  DC  and  AC)  is  then  measured  at  the 
surface  across  the  inner  two  probes.  The  resistivity  is  then  given  by  one 
of  the  following  two  formulas^) 


v 

p  ■  2irs  Y 
if  s<<t 


(9-8) 


p  «  4.5t  (9-9) 

if  t«s 

This  method  has  the  advantage  that  no  ohmic  contacts  need  be  made  to  the 
composite  surface.  A  disadvantage  to  the  method  is  that  it  is  sensitive  to 
the  composite  surface  statu  and  geometry. In  addition,  localized  point 
contacts  on  composites  are  unreliable  because  of  the  presence  of  broken 
fibers  (especially  in  graphite/epoxy) ' 

9 . 1 . A  Conductivity 

Three  methods  for  measuring  the  conductivity  of  composite  materi¬ 
als  will  be  discussed  in  the  first  section.  One  method  Is  the  standard  ASTM 
test  procedure  which  applies  for  relatively  low  frequencies.  The  second 
method  uses  a  slotted  stripline  and  applies  for  higher  frequency.  The  third 
method  extracts  "effective"  conductivity  from  EM  shielding  measurements.  In 
the  second  section,  various  mathematical  models  for  the  conductivity  of 
composite  materials  will  be  discussed. 

9. 1.4. 1  Measurements 


Individual  methods  for  measuring  conductivity  in  composite  ma¬ 
terials  are  now  discussed  in  detail. 

9. 1.4. 2  ASTM  Method 

The  ASTM  method  for  measuring  the  conductivity  for  composites^, 3, 5) 
consists  of  measuring  the  resistance  of  a  rectangular  sample  of  composite 
using  the  2-point  and  4-point  probe  technique  as  described  in  Section  9.1.3. 
The  expreaeion  for  the  conductivity  is  then 


_L_  (9-10) 

RWt 


3-7 


9. 1.3. 2  Four-Point  Method 


In  this  techniquo ,  four  probes  are  aligned  equidistant  on  a  ma¬ 
terial  sample  as  illustrated  in  Figure  9.5.  The  outer  two  probes  inject  and 
extract  a  known  current.  A  voltage  (both  DC  and  AC)  is  then  measured  at  the 
surface  across  the  inner  two  probes.  The  resistivity  is  then  given  by  one 
of  the  following  two  formulas^) 
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This  method  has  the  advantage  that  no  ohmic  contacts  need  be  made  to  the 
composite  surface.  A  disadvantage  to  the  me thod  is  that  it  is  sensitive  to 
the  composite  surface  state  and  geometry. In  addition,  localized  point 
contacts  on  composites  are  unreliable  because  of  the  presence  of  broken 
fibers  (especially  in  graphite/epoxy)^' 

9.1.4  Conductivity 

Three  methods  for  measuring  the  conductivity  of  composite  materi¬ 
als  will  be  discussed  in  the  first  section.  One  method  is  the  standard  ASTM 
test  procedure  which  applies  for  relatively  low  frequencies.  The  second 
method  uses  a  slotted  s tripline  and  applies  for  higher  frequency.  The  third 
method  extracts  "effectivs"  conductivity  from  EM  shielding  measurements.  In 
the  second  section,  various  mathematical  models  for  the  conductivity  of 
composite  materials  will  be  discussed. 

9. 1.4.1  Measurements 


Individual  methods  for  measuring  conductivity  in  composite  ma¬ 
terials  are  now  discussed  in  detail. 

9. 1.4. 2  ASTM  Method 

The  ASTM  method  for  measuring  the  conductivity  for  composites^, 3, 
consists  of  measuring  the  resistance  of  a  rectangular  sample  of  composite 
using  the  2-point  and  4-point  probe  technique  as  described  in  Section  9.1.3. 
The  expression  for  the  conductivity  is  then 
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where  L  Is  the  sample  length;  R  is  the  resistance;  W,  the  sample  width,  and 
t,  the  sample  thickness  (see  Figure  9,4).  Equation\ (9-1 0)  assumes  a  uniform 
current  across  the  slab  and  a  homogeneous  slab  of  material.  Composites  are 
not  homogeneous  so  the  conductivity  of  (9-10)  represents  an  "average" 
conductivity  which  need  not  correspond  to  the  "local"  conductivity  in  the 
composite.  Other  limitations  on  the  method  mentioned  in  Section  9.1.3  for 
resistivity  apply  equally  well  for  the  conductivity.  The  frequency  range 
for  the  model  is  typically  from  D.C.  to  30  -  50  MHz. 

9 . 1 . 4 . 1 . 2  Slotted  Strlpllne 

In  this  method  a  slotted  Btripline^)  using  unidirectional  com¬ 
posite  materials  is  used  for  conductivity  measurements  from  50  MHz  to  a  few 
GHz.  The  geometry  of  the  strlpllne  is  shown  in  Figure  9.6  and  consists  of  a 
center  conductor  of  composite  separated  from  an  outer  metallic  conductor  by 
a  dielectric  atrip  (Teflon).  A  movable  probe  measures  the  electric  field 
(or  voltage)  at  any  point  on  the  line.  The  slotted  line  is  driven  by  RF  at 
one  end  and  terminated  at  the  other  end  in  an  "open  circuit."  The  line 
constitutes  a  lossy  transmission  line  and  the  probe  measures  a  lossy  VSWR 
pattern. 

From  analysis^' 6 ^  of  the  line,  the  magnitude  of  the  square  of 
the  electric  field  (or  voltage)  is  given  by 
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where  K  is  a  gain  factor  depending  on  the  source  (volts/m);  x  is  the  dis¬ 
tance  (in  meters)  from  the  line  termination;  a  Is  the  ileal  part  of  th^. 
propagation  constant  (nepers/m);  P  is  the  imaginary  part  of  the  propagation 
constant  (radiana/m),  and  y  and  <j>  are  termination  factors  for  the  line  (zero 
for  a  pure  open  circuit).  If  the  skin  depth  is  small  compared  to  the 
thickness  of  the  composite  strip  and  the  composite  fibers  are  parallel  to 
the  line  (high  conductivity  case)  the  conductivity  in  mhos/m  is'^i6) 
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where  ej  is  the  permittivity  of  the  dielectric  space,  the  quantity  3  is 
equal  to  0)2yo£j  where  aj  is  the  angular  frequency  and  y0  is  the  penneabil- 
1 ty  of  free  space  (4  10“'  henries/m),  and  t  is  the  dielectric  spacer 

thickness. 


For  the  case  of  the  conductivity  being  sufficiently  low  so  that 
the  skin  depth  is  large  compared  to  sample  thickness  (as  in  transverse  con¬ 
ductivity  of  graphite/epoxy),  a  uniform  current  over  the  sample  may  be 
assumed  resulting  in  a  simple  transmission  line  model(6)  used  for  ralcu- 
lating  the  conductivity.  The  approximate  value  for  the  conductivity  is 
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where  "a"  is  the  sample  thickness. 

The  Justification  of  (9.13)  is  given  elsewhere. Thid  model  for  low 
conductivity  is  shown  in  Figure  9.7. 


The  advantages  of  the  slotted  stripline  method  include  the  lack 
of  ohmic  contacts  and  a  broad  band  of  experimental  frequencies.  The  lower 
frequency  limit  is  set  by  the  requirement  to  obtain  at  least  one  cycle  of 
standing  wave  data.  The  upper  lirai”.  is  determined  by  the  line  cross  section 
as  Bhown  in  Figure  9.6.  One  disadvantage  1b  that  the  method  is  applicable 
to  unidirectional  samples  and  not  to  multi-ply  crossed  samples. 

9. 1.4. 1.3  Conductivity  From  EM  Shielding  Measurements 

It  is  very  common  and  convenient  to  use  EM  shielding  measurements 
to  calculate  an  "effective"  conductivity  for  composite  material  test  panels. 

A  summary  of  the  necessary  equations  are  given  here  with  details  reserved  for 
for  Section  6.1  of  this  handbook  and  the  references  at  the  end  of  this  chap¬ 
ter.  (2,3, 9)  A  coaxial  transmission  line  or  waveguide  structures  filled 

with  a  planar  composite  test  panel  can  be  used  to  calculate  the  RF  transmis¬ 
sion  through  the  panel.  Details  on  these  experimental  methods  are  discussed 
in  Section  9.2.2  of  this  handbook.  The  transmission  coefficient  across  the 
composite  panel  is  given  by 
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where  p  is  the  reflection  coefficient  for  the  panel,  r  is  the  panel  propaga¬ 
tion  constant,  and  t  is  the  panel  thickness.  Measurements  of  the  panel 
shielding  effectiveness  enable  the  reflection  coefficient  (  P  )  and  the 
complex  permittivity  e.  -  e0(e'+je")  to  be  determined.  The  "effective" 
conductivity  oeff  of  the  panel  is  then  given  by 
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where  u)  is  the  angular  frequency  of  the  radiation,  cQ  the  free  space  per¬ 
mittivity,  and  e"  the  relative  loss  factor. 


A  second  method  of  calculating  an  effective  conductivity  utilises 
the  concept  of  transfer  impedance.  The  theory  of  transfer  impedance  is 
discussed  in  Section  6.1  while  the  measurement  process  is  summarized  in 
Section  9. 2. 3.1.  Further  details  may  be  found  in  the  references. ^,3, 10) 
The  effective  conductivity  eeff  in  terms  of  transfer  impedance  Zg  is 


where  t  is  the  panel  thickness 
9. 1.4.2  Analytical  Models 


In  this  section,  several  composite  conductivity  models  that  have 
been  recently  developed  are  presented  and  discussed. 

9 . 1 . 4 . 2 . 1  Single  Ply  Longitudinal  Conductivity  Model 

In  this  model,  the  longitudinal  conductance  of  a  sample  of  com¬ 
posite  material  is  taken  to  be  the  sum  of  the  conductances  of  the  Individual 
fibers  plus  the  conductance  of  the  epoxy  material.  The  sample  is  shown  in 
Figure  9.8  and  is  modeled  as  a  set  of  identical  conductances  in  parallel. w»7) 
For  a  single  fiber  the  conductance  is^»7) 
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where  ]_  is  the  fiber  conductivity,  Aj  is  the  fiber  cross  section,  and  L 
is  the  fiber  length.  The  conductance  of  the  epoxy  is 
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dwhere  2  iB  the  conductivity  of  the  epoxy  and  A2  is  the  epoxy  crosB 
section.  For  an  N  fiber  composite  as  in  Figure  9.8,  the  total  conductance 
is  given  by 
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where  the  total  epoxy  cross  section  A2  is  written  as  (A-NjAj);  A  is 
the  total  composite  cross  section  and  N  is  the  number  of  fibers. 

The  ccqposite  conductivity  0  ^  Is  the  longitudinal  direction  is 
now  defined  as'^.') 


where  A  and  L  are  the  sample  dimensions  and  G  la  the  total  conductance  given 
in  (9.19).  The  conductivity  becomes 


oiAiNi 


(9-21) 


or  more  conveniently 
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where  f  -  is  the  volume  fraction  of  fiber  in  the  composite.  If 

the  compositeLf ibers  are  orders  of  magnitude  more  conducting  than  the  epoxy, 
L  can  ba  well  approximated  as 

o*0,  f  (9-23) 


This  model  works  well  for  graphite/ epoxy  or  Kevlar/ epoxy.  A  more  general 
model  is  required  for  boron/epoxy. ("'  For  this  composite  the  fibers 
consist  of  a  sheath  of  boron  surrounding  a  conducting  inner  core.  The 
longitudinal  conductance  G  is  then  the  sum  of  the  conductances  of  all  fiber 
sheaths,  fiber  cores  and  epoxy.  For  N  fibers  the  conductance  is'®' 
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where  ae,  Oj,,  ac  are  the  conductivities  of  epoxy,  sheath  and  core  respec¬ 
tively;  Ae,  Ajj,  Ac  are  the  cross  sections  of  epoxy,  sheath  and  core  respec¬ 
tively;  and  h  is  the  sample  length.  The  model  is  shown  in  Figure 
9.9. 

The  effective  longitudinal  conductance  is 
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and  Of  l  becomes^8) 
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where 


(9.26b) 


and  Af,  Is  the  cross  section  of  a  fiber  in  boron/ epoxy  composite.  This 
ratio  depends  on  the  core  size  in  the  boron/epoxy  fiber.  Since  the  fiber 
core  Is  the  most  conductive  part  of  the  boron/ epoxy  fiber/8)  the  longi¬ 
tudinal  conductivity  i  can  be  approximated  by 


(9.27) 


The  core  size  of  a  boron/epoxy  fiber  (as  measured  by  n)  in  a  critical 
parameter  in  thiB  boron/epoxy  longitudinal  conductivity  model.  Because  the 
core  size  depends  on  the  extant  of  reaction  of  boron  with  tungsten  during 
the  fiber  manufacturing  process,  this  parameter  may  be  difficult  to  deter¬ 
mine  for  general  samples  of  boron/epoxy. 

9. 1.4. 2. 2  Single  Ply  Transverse  Conductivity  Model 


The  transverse  conductivity  model  to  be  discussed  applies  only  to 
graphite/epoxy  composite.  Both  Kev  ^.ar/epoxy  and  boron/epoxy  have  negligable 
transverse  conductivity,  but  this  conductivity  is  significant  for  graphite/ 
epoxy  because  of  the  large  number  of  fibers  that  touch. 

In  this  model,  called  the  random  fiber  model/8'2)  the  sample  is 
divided  into  a  set  of  parallel  planes.  The  fibers  are  then  distributed 
randomly  in  each  plane  in  accordance  with  the  fiber  volume  fraction  f.  The 
model  is  shown  in  Figure  9.10  for  two  planes.  At  any  lateral  point,  the 
measured  conductivity  depends  on  whether  the  probe  contacts  are  fiber-fiber, 
fiber-epoxy,  epoxy  fiber,  or  epoxy-epoxy.  The  transverse  conductivity  can 
be  shown'8)  to  be 
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where  dj  is  the  fiber  conductivity,  a 2  is  the  epoxy  conductivity,  and  f, 
the  volume  fraction  of  fibers.  A  basic  assumption  made  is  that  the  electric 
field  is  uniform  through  both  layers.  For  graphite/epoxy  where  0i>02* 
Oj.  can  bo  written  as 
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If  f  does  not  approach  zero,  the  expression  for  simplifies  to 
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For  N  layers  in  the  model,  <p  becomes 
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This  value  for  the  conductivity  is  strongly  dependent  on  the 
number  of  planes  used  in  the  random  fiber  model.  Results  to  date  with  this 
model  are  fair. 

9. 1.4. 2. 3  Multi-Ply  Conductivity  Model 

The  simplest  model  for  multi-oly  structures  treats  the  individual 
olius  as  conductances  in  parallel. For  the  i^-h  Ply.  the  conductance 


plies  as  conductances  in  parallel 
is  of  the  forra^3*8' 
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where  W  is  the  sample  width;  L,  the  sample  length;  t,  the  ply  thickness 
(assumed  identical  for  all  plies)  and  c*,  the  ith  Ply  conductivity.  The 
total  conductance  of  the  sample  (composed  of  N  plies)  is 
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An  effective  conductivity,  ae,  of  the  multi-ply  sample  is  defined(3»8) 
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where  A  is  the  total  sample  cross  section  and  L,  the  sample  length.  The 
sample  cross  section  is  given  by 
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where  N  is  the  number  of  plies;  W,  the  sample  width;  and  t,  the  common  ply 
thickness.  The  effective  conductivity  is  then 
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The  basic  assumptions  In  the  model  are  uniform  ply  thickness,  uniform 
excitation  of  the  sample  and  electrical  Independence  of  the  plies. (3|8) 
The  results  of  the  model  are  mixed'**)  with  indications  that  the  electri¬ 
cally  independent  ply  assumption  is  somewhat  poor  even  under  low  frequency 
exitations.'®' 


9 . 2  EM  Shielding  Ef iectivenesa  Measurement  Techniques 

In  this  section,  the  various  methods  of  measuring  the  electromag¬ 
netic  shielding  of  composite  materials  are  discussed  in  detail.  The  first 
three  parts  of  this  section  treat  shielding  as  measured  by  coupled  loops  or 
probes,  plane  wave  transmission  and  reflection,  and  surface  impedance 
parameters.  The  advantages  and  disadvantages  of  each  method  are  reviewed. 
Shielding  measurements  when  joints  are  present  as  discussed  as  well  as  the 
special  situations  of  composite  structures  under  high  current  and  high 
voltage  conditions. 

9.2.1  Coupling  Between  Loops  and  Probes 

In  this  section  the  coupling  between  two  loop  antennas,  two  dipole 
antennas,  and  two  tnonopole  antennas  is  examined  as  a  measure  of  shielding 
effectiveness  for  an  infinite  homogeneous  (or  multi-ply  composite)  planar 
shield  and  for  one  or  more  parts  of  the  test  system  in  an  enclosure. 

9 . 2 . 1 . 1  Infinite,  Planar  Shield 

The  shielding  effectiveness  is  defined  as  the  insertion  loss 
caused  by  the  introduction  of  an  infinite,  planar  shield  of  composite 
material  between  a  source  and  detector  antenna  system.  The  antennas  are 
coaxial  with  a  line  perpendicular  to  the  uhield.  The  coupled  antenna 
systems  discussed  are  two  loops,  two  dipoles  and  two  monopoles. 

9. 2.1.1. 1  Two  Loop  Method 

The  two  loop  method^2*^ i 1 0)  illustrated  in  Figure  9.ila.  The 
source  loop  Is  driven  by  a  current  I,  and  a  voltage  E2  Is  measured  at  the 
terminals  of  the  detector  loop.  The  source  loop  has  radius  aj  and  is  a 
distance  r^  away  from  the  shield.  The  detector  loop  has  radius  a2  and 
is  a  distance  r2  away  from  the  shield.  A  voltage  82a  measured  first 

with  air  between  the  antennas  and  a  voltage  F.2m  is  measured  with  the 
composite  shield  between  the  antennas.  The  magnetic  shielding  effectiveness  | 

is  given  by  '^) 
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Figure  9.11a. 


Two  Loop  Method 


The  voltages  E2m  and  E ja  are  complicated  functions  of  ,  831  rj.,  and 
the  shield  thickness  t.'^**0* 

9. 2. 1.1. 2  Two  Dipole  Method 

The  two  dipole  method^2*-*)  *8  illustrated  in  Figure  9.11b.  The 
dipoles  are  of  length  t ^ ,  £.2  and  are  located  at  distances  r^ ,  r2  from 
the  shield.  The  source  dipole  is  driven  by  a  current  Ij  and  a  current 
12  is  measured  in  the  detector  dipole.  The  shielding  effectiveness  is 
than  given  by '2) 
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where  l2a  is  the  dipole  detector  current  without  the  shield  and  l2m»  the 
current  with  composite  shield  present.  The  currents  Ijg  and  l2m  are 
complicated  functions  of  1}»  2*  rp  r2  and  the  shielded  thickness  t. 


9. 2. 1.1. 3  Two  Monopole  Method 

This  method^2*  is  similar  to  the  two  dipole  method  illustrated 
in  Figure  9.11b  except  the  two  dipoles  are  replaced  by  tyro  monopoles  over  a 
ground  plane.  If  the  monopoles  used  each  have  a  length  ^  then  the  monopole 
coupling  is  the  same  as  coupling  between  dipoles  of  length  ,  where  X  Is 
the  radiation  wavelength.'2' 


9. 2. 1.1. A  Limitations 


One  basic  limitation  of  these  measurement  methods  is  the  extent  to 
which  data  obtained  from  a  finite  composite  shield  can  replicate  the  data 
obtained  using  an  infinite  shield  to  which  these  methods  strictly  apply. 
Some  leakage  around  the  edges  will  always  occur  and  the  amount  of  leakage  is 
frequency  dependent.  This  limitation  is  critical  for  good  shields  where 
leakage  may  be  comparable  to  the  penetrating  field'2*"*' 


A  second  limitation  is  that  the  shielding  effectiveness  pertains 
only  to  the  antenna  pair  and  composite  shield  geometry.  It  cannot  easily  be 
related  to  other  methods  or  other  geometries. '2»^  >10) 


9. 2. 1.2  Enclosed  Shield 


When  actually  making  a  measurement  of  shielding  effectiveness,  it 
is  usually  more  practical  to  enclose  one  or  more  parts  of  the  measurement 
aystem.  Figure  9.12a  shows  the  use  of  a  metal  enclosure  around  the  source 
loop  of  a  two  loop  system.  The  purpose  of  this  enclosure  i§  to  eliminate 
the  edge  leakage  which  occurs  in  the  infinite  plane  methods  when  uBing  a 
finite  plane,  as  discussed  in  Section  9.2.1.  This  permits  use  of  a  finite 
composite  shield.  The  disadvantage  of  this  approach  is  that  the  shielding 
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effectiveness  now  depends  on  the  box  geometry  since  the  box  charges  the 
field  of  the  source  because  of  reflections  and  resonances  from  the  enclosure 
walls.  These  problems  could  be  reduced  if  the  box  were  an  anechoic  chamber 
with  the  composite  shielding  barrier  being  one  side  of  the  chamber  and  the 
other  sides  covered  with  absorbing  material. 

A  second  method  involves  enclosing  the  entire  measurement  appara¬ 
tus  (including  composite  shielding  barrier)  in  a  large  anechoic  chamber. 
This  method  is  illustrated  in  Figure  9.12b  for  a  two  loop  system.  It  allows 
the  use  of  a  finite  piece  of  material  and  assures  minimum  interference  from 
reflections  and  resonances.  However  the  shielding  effectiveness  still 
depends  on  the  chamber  geometry  to  some  extent  and  may  be  hard  to  relate  to 
other  methods  of  measurement.  For  certain  test  frequencies  the  size  of  the 
chamber  required  would  be  too  big  to  be  practical. 

9.2.2  Plane  Wave  Transmission/Reflection  Methods 

A  very  simple  definition^2*3*10)  of  shielding  effectiveness  arises 
from  the  case  of  a  uniform  plane  wave  incident  on  an  infinite  homogeneous, 
or  multi-ply  composite.  This  situation  is  shown  in  Figure  9.i3.  For 
shields  of  nonzero  thickness,  the  overall  effect  is  composed  of  reflections 
from  the  incident  wave  striking  the  shield  surface  and  the  internal  material 
boundaries,  plus  transmission  loss  through  the  shield.  Several  experimental 
methods  for  measuring  the  shielding  effectiveness  for  Incident  plane  waves 
on  shields  will  be  discussed. 

9. 2. 2.1  Sample  Experimental  Methods 

In  this  section  several  different  methods  for  mounting  and  illu¬ 
minating  the  test  sample  with  a  uniform  EM  plane  wave  are  described. 

9. 2. 2. 1.1  Coaxial  System 

The  coaxial  system^2*3)  is  illustrated  in  Figure  9.14.  This 
system  gives  rise  to  a  radial  electric  field  and  propagates  a  transverse 
electric  and  magnetic  (TEM)  wave.  The  radial  nature  of  the  electric  field 
is  a  significant  departure  from  the  required  linearly  polarized  uniform 
plane  wave.  Unambiguous  results  are  obtained  only  for  homogeneous  materials 
or  multi-ply  composites.  This  Bystem  is  not  useful  for  unidirectional 
composites  or  other  highly  anisotropic  materials. 

9. 2. 2. 1.2  Rectangular  Waveguide  System 

This  system  is  shown  in  Figure  9.15.  These  guiding  structures  can 
give  rise  to  a  transverse  electric  (TE)  or  transverse  magnetic  (TM)  propa¬ 
gating  wave  in  the  fundamental  mode,'2*3)  and  are  useful  because  of  the 
unidirectional  nature  of  the  electric  or  magnetic  fields  produced.  This 
transverse  field  can  be  aligned  with  the  composite  fibers  or  at  least 
aligned  with  a  principal  symmetry  axis  of  an  anisotropic  material.  The 
other  field,  then,  is  then  not  aligned  with  the  axis.  The  waveguide  fields 
can  be  resolved  into  two  obliquely  incident  plane  waves.  The  incident 
angles  of  these  waves  depend  on  the  ratio  of  operating  frequency  to  cutoff 
f requency. ^2)  Thus  the  incident  wave  from  the  waveguide  cannot  be  consid¬ 
ered  a  uniform  plane  wave  with  a  different  wave  impedance. 
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9. 2. 2. 1.3  Far  Field  Anechoic  Chamber  System 

A  typical  chamber  setup  is  shown  in  Figure  9.16.  The  use  of  a 
chamber  avoids  many  of  the  problems  of  sample  preparation  inherent  in  the 
coaxial  and  waveguide  systems.  Chamber  measurements  should  very  closely 
approximate  the  results  of  uniform  plane  wave  illumination  for  a  proper 
choice  of  test  antennas. The  main  limitation  of  this  system  is  the 
lower  frequency  limit  imposed  by  the  chamber  size  (typically  500  MHz).'  ' 

9.2.2. 1.4  TEM  Cell 


This  method  avoids  the  difficulties  of  coaxial  or  waveguide 
systems  in  producing  linearly  polarized  uniform  plane  electric  and  magnetic 
fields  over  the  composite  material  barrier.'2'  The  TQi  cell  is  illustrated 
in  Figure  9.17  and  resembles  a  distorted  coaxial  transmission  line'2'  having 
an  inner  conductor  and  an  outer  conductor  with  extended  edges.  The  design 
allows  the  existence  of  a  TEM  wave  over  a  large  section  of  the  test  barrier. 
The  orientation  of  the  electric  and  magnetic  fields  with  respect  to  princi¬ 
pal  axes  of  symmetry  in  anisotropic  materials  can  then  be  controlled.' 
Proper  design  of  the  extended  edges  minimizes  the  fringing  effects. 

There  are  two  main  limitations  on  TEM  cells.  The  probability 
of  higher  modes  propagating  on  the  line  increases  if  too  wide  a  line  la  used 
to  reduce  fringing  and  improve  the  TEM  wave  illumination.  This  limits  the 
frequency  of  operation  of  the  device.  Also,  a  TEM  cell  designed  to  minimize 
fringing  and  optimize  TEM  wave  propagation  may  have  a  characteristic  imped¬ 
ance  considerably  different  from  the  impedance  of  the  feed  linee  for  the 
cell  (typically  50  ohm  lines).  This  results  in  a  mismatch  in  the  TEM  cell 
test  system. '2)  This  problem  places  a  further  restriction  on  the  operat¬ 
ing  frequency  of  the  call.  The  mismatch  can  be  controlled,  however,  by  use 
of  proper  interface  devices  between  feed  lines  and  cell. 

9.2.2  .1.5  Near  Field  Method 


The  near  field^2)  antenna  measurement  test  setup  is  shown  in 
Figure  9.18.  A  source  antenna  illuminates  a  test  barrier  of  composite 
material  and  an  antenna  in  the  near  field  of  the  source  makes  field  measure¬ 
ments  in  a  plane  parallel  to  the  barrier.  Field  measurements  are  made  both 
with  and  without  the  barriers.  These  field  values  are  then  Fast  Fourier 
Transformed  to  far  field  values.  The  theory  is  described  in  Section  6.1  of 
this  handbook  and  in  the  ref  erences.  (2  >  *  The  plane  wave  shielding  ef¬ 
fectiveness  (Se)  is  then  given  by'2) 


Se  -  “20  logio  T 


(9-J9) 


where 


T  is  the  transmission  coefficient 

T  -  jL  (9-40) 

o 

E  is  the  field  at  the  barrier  and  EQ  is  the  field  in  the  absence  of  the 
barrier. 
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The  basic  limitation  to  this  method  is  a  limitation  on  the  fre¬ 
quency  range  where  large  enough  barriers  are  available  to  minimize  fringing. 
Also  the  theory  applies  strictly  to  homogeneous,  isotropic  and  possibley  to 
multi-ply  composites. 

9  .2.2.2  Instrumentation  Configurations 

In  this  section,  two  common  instrumentation  configurations  used 
for  measuring  plane  wave  shielding  effectiveness  using  transmission/ ref  lec¬ 
tion  methods  are  discussed  along  with  limitations  in  the  configurations. 

9. 2. 2. 2.1  Substitution 

This  configuration^)  is  shown  schematically  in  Figure  9.19a.  Any 
of  the  methods  (coaxial  line,  waveguide,  TEM  cell)  discussed  in  Section 

9.2.2. 1  for  mounting  and  illuminating  the  composite  sample  may  be  used  in 
this  configuration  provided  the  necessary  isolation  techniques  are  avail¬ 
able.  The  shielding  effectiveness  is  then  the  difference  In  attenuator 
readings  when  the  sample  and  lossless  line  are  excited  separately.^) 

9. 2. 2. 2. 2  Bridge 

In  this  configuration^)  a  suitably  isolated  sample  mounted  and 
illuminated  by  any  method  (coaxial  line,  waveguide  TEM  cell)  in  Section 

9. 2. 2.1  is  connected  in  parallel  with  an  attenuator  and  phase  shifter  with 
suitable  isolation.  The  configuration  is  shown  in  Figure  9.19b.  The  proper 
amplitude  and  phase  adjustment  to  produce  a  null  in  the  detector  constitutes 
the  shielding  measurement.  In  this  approach  both  amplitude  and  phase 
shielding  information  is  obtained. 

9. 2. 2. 2. 3  Limitations 

Great  care  is  required  in  preparing  and  mounting  the  test  material 
in  the  material  holder  to  properly  interface  it  to  the  rest  of  the  test 
configuration.  An  idealized  Interface  is  Bhown  by  a  network  in  Figure  9.20a 
and  is  represented  as  three  cascaded  transmission  lines  with  the  sample 
represented  by  a  transmission  line  of  modified  impedance  and  propagation 
constants.  Poor  Interfacing  and  mounting  of  the  sample  will  introduce 
coupling  between  the  sample  input/output  ports  and  between  gaps  in  the 
material  sample  and  holder  walls.  This  situation  is  illustrated  in  Figure 
9.20b  by  a  network.  Elements  Y5  and  Yg  represent  leakage  through  sample 

gupH. 


9.2.3 


Surface  Impedance  Parameters 


Surface  impedance  parameters  offer  a  vary  useful  way  to  character¬ 
ize  the  shielding  effectiveness  of  shield  that  are  thin  with  respect  to 
their  radii  of  curvature,  and  for  which  the  wavelength  of  the  field  in  the 
Bhield  is  much  smaller  than  the  wavelength  of  the  field  external  to  the 
shield.  Such  a  shield  is  said  to  be  locally  planar. '3,10) 


For  shields  euvolving  closed  surfaces,  the  surface  transfer  im¬ 
pedance  is  defined  as^»3,9,10) 


where  Et  Is  the  Inner  shield  surface  tangential  electric  field,  and  Ja  is  the 
outer  Bhield  surface  current  density.  The  theoretical  treatment  of  transfer 

Impedance  and  its  relation  to  EM  shielding  may  be  found  in  Section  6.1  of 

.(2,3,9,! 


this  report  and  the  references. 


,10) 


For  locally  planar  shields  the  surface  transfer  impedance  has  the 
:  o  nn  C2,3,.lO> 
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st-  "  n  csch(rtl) 
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where 


n  "  [d?T«T)] 


1/2 


(9-43) 


r  -  ( jam  (o+Jfcir.))  1/2 


(9-44) 


and  d  is  the  shield  thickness. 

The  transfer  impedance  in  (9.42)  can  be  Bhown(2»3|10)  to  be  equal 
to  the  "two-port"  surface  impedance  parameters^2)  used  to  characterize  the 
shielding  of  an  infinite  planar  plate,  thus  justifying  the  term  "locally 
planar"  to  describe  the  shield. 

9.2. 3.1  Measurement  Techniques 

This  section  will  treat  two  methods  for  measuring  the  surface 
transfer  impedance:  triaxial  and  quadraxial  cable  techniques. 

9 . 2 . 3 . 1 . 1  Triaxial  Method 

This  method  is  a  modification  of  a  technique  used  to  measure  the 
shielding  effectiveness  of  shielded  cables.'2'*2)  The  composite  under 
teat  is  first  fabricated  into  a  cylinder  which  takes  the  place  of  the  cable 
shield.  This  shield  and  an  enclosed  sensing  wire  conductor  become  the  inner 
conductor  of  a  coaxial  transmission  line  driven  by  RF  at  one  end  and  termi¬ 
nated  In  an  "open"  circuit  at  the  other  end.  The  situation  is  depicted 
schematically  in  Figure  9.21a.  The  composite  shield  is  driven  with  a 
current  I,  and  a  voltage  V-p  is  measured  at  the  termination.  The  surfuce 
transfer  Impedance  is  then'2' 


(9-45) 
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where  la  la  the  length  of  the  coaxial  line  and  &a«X,  where  X  is  the  radia¬ 
tion  wavelength*  This  same  device  can  be  used  to  measure  the  surface 
transfer  admittance*  The  coaxial  line  is  now  driven  with  a  voltage  source 
and  terminated  in  a  ahort  circuit  (Figure  9,21b).  The  short  circuit  current 
Igc  is  measured  and  the  surface  transfer  admittance  Y,j  is  (?) 


Y 


T 


1 

BC 

V£s 


(9-46) 


te— 

9 


One  limitation  on  this  method  is  the  fact  that  the  coaxial  line 
must  satisfy  £s  «  X  in  order  that  the  open  circuit  termination  can  be  used 
and  line  resonances  avoided.  This  places  a  constraint  on  the  frequency 
range  of  operation'?)  a  further  limitation  Involves  the.  radii  on  the 
outer  two  cylinders.  They  must  be  chosen  so  as  to  avoid  cavity  resonance 
which  places  a  further  restriction  on  the  frequency  of  operation/?) 
Detectors  used  in  the  measurement  should  bo  well  Isolated  from  the  line 
itself.  It  is  essential  to  have  proper  sample  preparation  and  good  electri¬ 
cal  contact  between  sample  and  measuring  apparatus. 

9. 2. 3. 1.2  Quadraxial  Method 

This  method  is  a  modification  of  the  triaxial  structure  to  mini¬ 
mize  resonances  and  external  perturbations  in  the  measured  data/2/?) 

A  sensing  conductor  (wire)  is  placed  inside  a  cylinder  made  of  the 
composite  to  be  tested  and  the  coaxial  line  terminated  in  its  characteristic 
impedance.  This  coaxial  structure  then  becomes  the  inner  conductor  of  a 
coaxial  line  with  an  outer  conducting  cylinder.  This  outer  coaxial  line  is 
also  terminated  in  its  characteristic  impedance.  This  is  similar  to  Figures 
9.21a  and  9.21b  except  that  the  terminal  contains  a  finite  nonzero  imped¬ 
ance.  This  triexial  structure  is  shown  in  Figure  (9.22a).  the  signal  line 
serves  as  a  reference  line  but  the  reference  is  different  at  points  A  and  B. 
The  quadraxial  structure  in  Figure  9,22b  uses  the  signal  Una  aa  the  aource 
line  while  a  balance  line  goes  from  the  composite  inner  cylinder  to  the 
outer  cylinder  and  serves  both  as  a  reference  and  as  a  method  of  maintaining 
uniform  current  on  the  composito  cylinder/?/?)  Measurements  of  transfer 
impedance  or  admittance  are  then  carried  out  as  in  the  triaxial  method 
described  in  9. 3. 2. 1,1. 

One  realization  of  this  quadraxial  method  is  the  Boaing  quadrax 
test  configuration^?)1?)  pictured  schematically  in  Figure  9.23. 

9.2.4  Joint  Measurement  Techniques 

A  very  important  determinant  of  the  overall  shielding  effective¬ 
ness  of  aircraft  structures  fabricated  from  composite  and/or  metallic 
materials  la  the  existence  of  joints  in  the  structure.  Skin  currents 
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flowing  on  the  surface  of  the  material  create  electric  fields  that  are 
coupled  onto  aircraft  avionic  systems  through  the  joints  The  appropriate 
parameter  for  measuring  this  joint  coupling  is  the  joint  admittance  per  unit 
length  of  joint  (Yj).  The  theory  of  joint  admittance  and  its  contribution 
to  composite  shielding  effectiveness  is  described  in  Section  6*1  of  this 
handbook. 


One  set  of  measurements  for  Yj  uses  basically  the  same  measure¬ 
ment  techniques  that  are  used  in  measuring  the  surface  transfer  admittance 
of  composite  panels  described  in  9.2,3. 1.  The  Boeing  Quadrax  Test  Configu¬ 
ration'^)  (gee  Figure  9,23)  has  been  used  to  measure  joint  admittances 
and  the  procedure  is  summarized  in  Figure  9.24a.  The  cylinder  conaists  of 
two  identical  materials  jointed  together  and  is  assumed  to  have  a  surface 
transfer  impedance  Zx.  The  circumferential  joint  has  a  Joint  admittance 
per  unit  length,  Yj .  The.  cylinder  is  driven  by  a  known  current  I8 
(current  density  is  JB)  and  the  open  circuited  voltage  Voc  measured. 
Then  Voc  is  (9) 
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where  L  is  the  cylinder  length  and  a,  the  cylinder  radius.  The  joint 
admittance  is  then 


.  _L_  la 

J  "  27ra  V  -  Z_L  Is 

oc  l 


(9-48) 


The  surface  transfer  impedance  Zx  Is  assumed  known  from  measurements  on  a 
cylinder  with  the  same  material  but  no  joint. 

This  procedure  can  be  generalized  to  joints  between  two  dissimilar 
materials  (different  composites,  different  metals  or  natal  and  composite) 
and  is  shown  in  Figure  9.24b.  The  dissimilar  materials  have  surface  trans¬ 
fer  impedances  Zxl  and  the  Zt2  and  the  joint  has  an  admittance  Yj.  The 
open-circuited  voltage  at  the  line  termination  is 
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where  L}  and  L2  are  the  lengths  of  the  two  dissimilar  cylinder  sections  and 
a  is  the  cylinder  radius.  The  joint  admittance  is  then 
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9.2.5  High  Current  Injection 

In  this  section  the  effects  of  high  current  injection  onto  com¬ 
posite  structures  are  discussed.  The  high  current  is  assumed  to  result  from 
a  lightning  strike  or  near  miss.  Methods  of  simulating  lightning  strokes  on 
aircraft  are  treated  and  the  various  effects  of  lightning  on  aircraft  are 
reviewed. 

9 . 2 . 5 , 1  Standard  Current  Waveforms 

In  order  to  ascertain  the  effects  of  high  current  on  composite 
structures,  a  standard  waveform  for  the  test  current  must  be  chosen.  Since 
almost  all  high  current  phenomena  involving  composite  aircraft  are  due  to 
lightning,  the  standard  high  current  waveform  is  chosen  to  be  as  close  as 
possible  to  the  current  waveform  of  natural  lightning.  Numerous  experimen¬ 
tal  studios  of  natural  lightning  flashes  have  assigned  nominal  values  to  a 
number  of  different  lightning  parameters  such  as  peak  currant,  rise  time, 
amplitude  and  charge  transfer.  A  general  list  of  these  parameter  values  la 
given  in  Table  2.1,1  of  this  report. 

The  effects  on  composite  aircraft  due  to  high  currants  are  con¬ 
veniently  divided  into  two  groups. 

Group  1  includes  effects  such  as  burning,  eroding,  blasting, 
structural  deformation,  high  pressure  shock  wave  and  magnetic  forces.  These 
effects  are  associated  with  the  high  currents  and  charge  transfer  caused  by 
a  direct  lightning  s trike. 

Group  2  effects  arise  from  the  electromagnetic  field  produced  by 
the  lightning  and  include  induced  voltages  on  interior  avionic  systems  and 
sparking  across  bonded  structures.  These  effects  are  associated  with  high 
peak  currents  snd  large  rates  of  change  of  current  caused  by  a  direct 
lightning  strike  or  a  near  mise.  A  list  of  Important  lightning  affects 
together  with  the  lightning  parameters  that  significantly  influence  these 
effects  is  given  in  Table  9.1. 

The  reason  for  dividing  the  lightning  effects  and  paramatare  into 
two  groups  is  because  it  le  experimentally  difficult  to  adequately  simulate 
all  significant  lightning  parameters  in  one  standard  current  waveform. 
Different  lightning  parameters,  and  hence  different  lightning  effects,  are 
usually  sensitive  to  different  parte  of  the  lightning  waveform.  Consequent¬ 
ly,  when  investigating  various  lightning  effects  only  portions  of  the  total 
current  waveform  need  to  be  simulated. 

To  meet  these  requirements,  a  standard  lightning  currsnt  waveform 
has  been  proposed. C 1 3 » 1 5)  The  waveform  for  Investigating  Group  1  lightning 
effects  is  shown  in  Figure  9.25  and  consists  of  four  basic  components.  The 
values  of  the  parameters  that  describe  the  components  are  given  in  Table 
9.2. 


The  waveform  for  investigating  Group  2  lightning  effects  is  the 
same  as  that  for  Group  1  except  that  component  D  is  modified.  This  modifi¬ 
cation  Is  given  in  Figure  9.26  and  the  lightning  parameters  describing  the 
component  are  listed  in  Table  9.3. 


TabU  9-1  Lightning  Paraaatara  and  Lightning  If  tact  a 
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Figura  9.25  Group  1  Standard  Lightning  Uavefom 
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Table  9-2  Oroup  1  Lightning  Vevefom  9ava««tat*^’**) 


Component 

Parameter 

Value 

Tolerance 

high  currant 
coaponant  A 

peak  currant 
action  integral 

pula*  length 

rlaa  time 

JOOkA 

2  )06  A2# 

<  SOOua 

<  SStia 

1  10% 

1  10% 

intermediate  current 
component  B 

average  amplitude 

charge  tranefar 

2kA 

IOC 

i  10% 

1  10% 

continuing  currant 
coaponant  C 

aaplituda 
charge  tranefar 

300-600A 

200C 

*  20% 

raaferlka  (group  1 
effect*) 
coaponant  D 

peak  aaplituda 

action  Integral 

pulee  length 

lOOkA 

0.25  10*  A2a 
<  SOOua 

1  10% 

1  10% 
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i  lot 
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aacaad  25kA/ui 
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In  determining  the  different  effect*  of  lightning  on  e  test  speci¬ 
men,  the  components  of  the  waveform  can  be  used  separtely  or  in  combination 
with  other  components  as  needed# 

9. 2. 5. 2  High  Current  Waveform  Osneration 

The  basic  circuit  used  for  producing  the  various  test  current 
waveforms  is  illustrated  in  Figure  9.27.  The  energy  usod  to  produce  the 
lightning  waveforms  is  initially  stored  in  the  circuit  capacitor  which 
represents  a  large  capacitor  bank.  The  waveform  is  generated'^'  by  first 
closing  the  starting  switch  to  discharge  the  capacitor  bank  into  an  induc¬ 
tive,  underdamped  circuit.  Whan  the  current  I,  is  maximum,  tha  switch  In 
the  clamp  or  short  circuit  is  closed.  Because  of  the  low  impedance  of  the 
clamp,  tha  inductor  will  discharge  through  the  clamp.  The  advantage  of  this 
system  is  that  the  currant  is  effectively  coming  from  a  constant  current 
source  without  limitations  on  tha  voltaga.  The  sample  to  be  tested  Is 
placed  in  the  AB  or  CD  position  depending  on  which  current  component s  are  to 
be  simulated.  A  aet  of  circuit  parameters  necessary  to  produce  th*  standard 
currant  waveform  is  given  in  Table  9.4.  More  recent,  development*  in  gene¬ 
rating  lightning  wavaforma  hava  baen  reported  by  Hanson. 

9. 2. 5. 3  High  Current  Methods  and  Techniques 

Test  techniques  Involving  th*  use  of  high  currents  on  test  speci¬ 
mens  will  now  be  described. 

9.2. 5.3.1  Stationery  Arc  Tasting^ 

A  very  common  test  technique  consists  of  s  stationary  electrode 
suspended  a  measured  distance  above  a  test  specimen.  An  electric  arc  than 
discharges  into  th*  teat  specimen.  The  arc  currant,  waveform  and  voltage 
are  recorded.  In  addition,  each  discharge  is  photographed  to  determine  tha 
arc  root  location  and  quality  of  tha  arc. 

Careful  placement  of  th*  current  return  conductor  la  required 
since  th*  magnetic  field  produced  by  th*  conductor  can  interact  with  the  arc 
significantly. 

9. 2. 5. 3. 2  Swept  Stroke  Tasting 

The  basic  items  needed  to  measure  swept  lightning  strokes  era  a 
teat  specimen,  a  discharge  electrode  and  apparatus  to  move  th*  discharge 
electrode  at  the  aircraft  relative  air  velocity.  Several  detailed  methods 
for  measuring  swept  lightning  strokes  experimentally  have  been  described  in 
the  literature. C 14-16) 

A  primary  use  of  swept  stroke  testing  is  to  determine  the  aircraft 
strike  cones.  In  order  to  determine  that  cones,  a  proper  combination  of 
standard  current  waveform  components  must  b*  used.  Th#  standard  combina¬ 
tions  used  are  given  in  Table  9.5  for  both  groups  of  lightning  affects.. 

Other  important  quantities  to  be  measured  during  s  swept  stroke 
test  ere  a  number  of  attachment  points,  arc  dwell  time,  dielectric  or 
coating  material  breakdown,  and  puncture  points.  These  can  be  determined  by 
high  speed  photographs  of  the  arc. 
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3vapt  stroke  phenomena  are  important  because  they  cause  sections 
of  the  aircraft  not  normally  Involved  in  the  lightning  process  to  become 
vulnerable  because  of  the  sweeping  action . 

9.2.5 .3.3  Induced  Voltage  Testing  and  Sparking 

Induced  voltage  and  sparking  is  primarily  a  function  of  high  peak 
current  and  high  rate  of  change  of  current  which  correspond  to  Group  2 
lightning  parameters.  The  physical  layout  is  very  important  for  the  test 
setup.  In  particular,  the  return  lines  should  be  arranged  to  yhield  a 
minimal  magnetic  field  at  the  test  specimen,  and  the  monitoring  equipment 
placed  so  it  wJl!  rot  influence  the  results. 

9*2.6  High  v  rage  Charging-Discharging  Phenomena 

The  principal  high  voltage  charging-discharging  phenomenon  in¬ 
volving  composite  aircraft  is  the  precipitation  static  threat  discussed  in 
Section  2.0  of  thle  handbook. 

9 . 2 . 6 . 1  Test  Techniques 

One  commonly  ueed  test  method  Involves  the  direct  connection  of 
the  spedment  to  the  source  of  charge.  This  method  is  not  a  very  realistic 
simulation  of  the  precipitation  static  charging  process. 

Another  method  involves  blowing  "wondra"  flour  particles  across  a 
test  epecimant.  This  method  simulates  the  actual  charging  process  more 
closely  than  direct  connection  but  results  in  a  low  charging  rata.  This 
procedure  is  discussed  in  Chapter  2  in  connection  with  precipitation  static 
charging  of  aircraft. v*' 

A  precipitation  static  t^st  technique  has  been  developed  by 
Boeing'*'  which  combines  high  charging  rates  with  carefully  controlled 
conditions.  The  apparatus  is  shown  schematically  in  Figure  9.28.  A  dis¬ 
charge  probe  is  connected  to  a  high  voltage  source  and  is  used  to  spray 
electric  charge  directly  onto  a  test  specimen.  The  height  of  the  probe 
above  the  specimen  controls  the  charging  rate.  All  charge  leakage  away  from 
the  specimen  is  carefully  monitored  by  current  test  probes.  This  apparatus 
has  bean  used  successfully  in  measuring  the  charging  proceaa  of  various 
graphite/ epoxy  panala. 
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10.0  PROTECTION  METHODS  AND  TECHNIQUES 

Structures  Involving  composites  such  as  graphite/epoxy ,  boron/apoxy 
and  Kavlar/epoxy  are  a  common  feature  on  present  day  commercial  and  military 
high-performance  aircraft.  The  high  strength  and  stiffness  of  these  mate¬ 
rials  together  with  their  low  densities  make  them  excellent  for  constructing 
the  hlgh-perf ormance  and  fuel  efficient  aircraft  required  for  the  future. 

Composite  materials,  however,  are  not  without  their  problems.  Because 
of  their  lower  conductivities  compared  to  most  metals  (such  as  aluminum), 
composites  are  more  susceptible  to  lightnign  strikes,  static  charge  buildup 
and  possess  poorer  electromagnetic  shielding  properties.  Possible  conse¬ 
quences  include  structural  damage,  EM  interference  in  sensitive  digital 
electronic  equipment,  and  posaible  catastrophic  failure  of  the  aircraft. 
Protection  systems  are  needed  that  will  protect  composite  aircraft  adequate¬ 
ly,  yet  not  extract  a  severe  weight  or  cost  penalty  nor  degrate  mechanical 
properties  unacceptably.  Such  systems  also  must  be  compatible  with  the 
thermal,  fatigue  and  moisture  environments  the  composite  aircraft  may 
experience.  Finally,  adequate  repair  techniques  should  exist  for  the 
protection  system. 

In  this  section,  a  number  of  different  aircraft  protection  systems  will 
be  oxamlned.  The  main  emphasis  is  on  lightning  protection  but  other  systems 
for  protection  against  precipitation  static,  EM  field  penetration  of  the 
aircraft  structure,  moisture  and  chemical  action  will  also  be  considered. 

10.1  Present  Aircraft  Protection  Systems 

In  this  section  a  brief  survey  is  given  of  protection  systems  cur¬ 
rently  being  used  on  modern  aircraft*  The  main  protection  afforded  by  these 
systems  is  against  lightning  and  precipitation  static,  although  some  of  the 
coatings  applied  to  composites  increase  their  shielding  effectiveness  and 
protect  against  moisture  and  chemicals. 

Both  lightning  and  precipitation  static  threats  have  been  de¬ 
scribed  in  detail  in  Chapter  2.0  (electromagnetic  threats)  and  only  a  brief 
synopsis  will  be  given  here.  Lightning  damage  to  composite  aircraft  is 
caused  by  thermal  effects  and  high  current  densities.  Thermal  effects  occur 
at  the  lightning  arc  attachment  point  where  temperatures  as  high  as  27,000°C 
are  possible.'*'  The  usual  result  is  burning  or  charring  of  the  compos¬ 
ite.  Damage  from  high  current  densities  tends  to  occur  away  from  the 


damage  is  proportional  to  the  arc  attachment  time  which,  in  turn,  depends  on 
the  aircraft  strike  zone  involved.  Typical  strike  zones  are  shown  in 
Figures  2.16  and  2.17. 

Precipitation  static  is  caused  by  triboelectric  charging  of  an 
aircraft  region  due  to  particle  or  precipitation  bombardment.  The  resulting 
corona  discharge  causes  RF  interference.  Composites  (especially  Kevlar)  are 
more  prone  to  charge  buildup  due  to  their  lowered  conductivities.  Both 
lightning  and  precipitation  static  can  be  controlled  by  use  of  proper 
protection  devices  which  will  now  be  described. 
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10. 1. I  Static  Dischargers 

Static  dischargers  are  commonly  positioned  at  points  of  high 
static  charge  buildup  on  aircraft  to  quietly  discharge  the  aircraft. 

The  oldest  type  of  discharges  is  the  "discharge  wick".  The  wick  ia  usually 
made  from  graphite-impregnated  cotton  sealed  in  a  plastic  tube.  Mounting  la 
usually  done  by  bolts,  rivets  or  resin.  A  discharge  wick  is  shown  in  Figure 
10.1(a). 


Ortho-coupled  dischargers^^  consist  of  a  high  impedance  rod  with 
a  tungsten  pin  through  the  rod  angled  to  minimize  coupling  of  corona  dis¬ 
charge  RF  noise  to  antennas.  These  devices  are  used  mainly  on  high  perfor¬ 
mance  aircraft.  An  example  is  shown  in  Figure  10.1(b). 


10.1.2  Lightning  Arresters 

Lightning  arresters  were  developed  to  prevent  the  direct  coupling 
of  lightning  to  sensitive  electronic  equipment  via  an  aircraft  antenna. w 
Arresters  usually  Include  a  apark  gap  between  antenna  and  aircraft  struc¬ 
ture,  a  blocking  capacitor  and  leak  resistor  as  shown  in  Figure  10.1(c). 
The  gap  provides  a  path  for  the  lightning  to  jump  from  the  antenna  to  the  . 
airframe  before  the  electronic  equipment  is  reached.  Arresters  ate  commonly 
used  in  conjunction  with  static  dlschargera. 

10.1.3  Radome  Strips 


Because  radomes  arp  made  from  dielectric  material  to  provide 
transparent  protection  for  radar  systems,  they  are  very  susceptible  to 
lightning  strike.  A  common  protection  device  consists  of  metallic  foil 
strips  placed  on  the  radome  which  act  as  lightning  diverters.  foublaa 
Aircraft  has  developed  a  protection  method  based  on  segmented 

diverters  connected  together  by  high  resistance  material.  The  diverter 
provides  a  controlled  conductive  channel  to  the  airframe  by  flashover  from 
segment  to  segment.  Radome  diverters  are  illustrated  in  Figure  10.2. 

10.1.4  Compoaite  Coating  Protection  Systems 

A  variety  of  protection  systems  presently  exist  that  rely  on  coat¬ 
ings  or  coverings  to  protect  the  composite  structure.  Such  systems  range 
from  screens  and  foils  to  metallic  coatings,  paints  and  sprays.  These 
systems  are  principally  protectors  against  lightning  and  static  charging  but 
often  increase  the  electromagnetic  shielding  of  the  aircraft  as  well.  Each 
system,  of  course,  has  advantages  and  disadvantages  which  usually  requires 
that  a  tradeoff  study  be  done  to  pick  a  best  system. 


Both  Boeing  and  Grumman  Aircraft  have  done  such  studies  of  protec¬ 
tion  under  a  variety  of  teBt  conditions.  The  results  of  these  studies  are 
given  in  the  following  sections. 

10.1.4.1  Boeing  Composite  Protection  System  Evaluation^ 

A  study  of  compoaite  protection  systems  was  performed  recently  by 
Boeing^)  to  determine  those  systems  which  would  be  optimum  choices  under 
various  cost  and  weight  constraints.  The  results  of  the  study  are  presented 
in  this  section. 
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Figure  10.1  Aircraft  Protection  Devices' 
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10.1.4.1.1  Standard  Laminates 


All  candidate  protection  systems  studied  by  Boeing  are  listed  In 
Table  10.1  together  with  aircraft  zones  where  applied,  installation  methods, 
advantages  and  disadvantages  of  each  system  and  certain  weight  information. 
All  candidate  system  screening  and  subsequent  evaluation  were  performed  on 
flat  laminates  and  sandwich  speciments  of  graphite,  boron,  glass  and  Kevlur 
composites.  A  very  limited  study  was  performed  using  nickel  foil,  nickel 
plate  and  titanium  foil  protection  systems,  however,  these  systems  will  not 
be  discussed  further  since  all  information  on  them  is  very  preliminary. 


A  subset  of  the  original  candidate  systems  was  chosen  for  final 
evaluation.  Table  10.2  ranks  these  protection  systems  in  terns  of  manufac¬ 
turability  which  includes  material  availability,  cost,  weight  and  ease  of 
application  and  repairability .  Each  factor  is  rated  on  a  numerical  scale; 
the  higher  the  scale,  the  more  favorable  the  factor. 

Lightning  tests  were  conducted  on  each  protection  system  as  ap¬ 
plied  to  10-ply  composite  laminates.  The  islative  merits  of  each  protection, 
system  as  a  function  of  aircraft  lightning  strike  2one  are  summarized  in 
Figure  10.3.  Relative  damage  to  both  substrate  and  protective  coating  is 
summarized  in  Figure  10.4.  Each  system  offered  some  protection. 


Tension  tests  were  conducted  before  and  after  lightning  strikeB  on 
the  laminates  with  and  without  protection  systems.'^  The  unprotected 
graphite/epoxy  laminates  lost  about  50%  tensile  strength  and  40%  tensile 
strain  when  struck  in  the  1A  or  IB  lightning  zone.  Graphite-glass/epoxy 
hybrids  lost  about  50%  tensile  strain  while  graphite-boron/ epoxy  lost  60%  in 
tensile  strength  and  50%  in  tensile  strain.  The  panels  with  protection 
showed  various  levels  of  improvement  depending  on  the  system  used.  The 
results  are  shown  in  Figure  10,5  -  10.8. 


The  damage  done  to  composite  laminates  by  Zone  2A  or  2B  lightning 
strikes  was  considerably  less  than  that  done  by  Zone  1A  or  IB  strikes. 

10.1.4.1.2  Protection  System  Evaluation 

The  lightning  protection  systems  were  evaluated  from  several 
points  of  view.  The  primary  consideration,  of  course,  was  system  effective¬ 
ness  but  other  considerations  played  a  major  role.  One  such  consideration 
was  material  availability.  The  materials  required  for  the  system  must  be 
commercially  available.  Other  considerations  were  material  cost,  manufac¬ 
turability  and  repairability.  All  systems  were  ranked  according  to  merit 
for  each  consideration  and  the  results  are  listed  in  Table  10.2. 


10.1.4.1.3  Joints  and  PanelB  With  Substructure 


Any  lightning  protection  system  development  must  evaluate  the 
effects  of  Joints  and  panels  with  substructure  on  the  protection  system. 

Composite  joints  are  of  two  types:  bolted  or  bonded.  In  bolted 
joints,  the  required  electrical  continuity  across  the  joint  is  maintained  by 
the  fasteners  that  join  the  surface  panels  to  the  substructure.  Such  a 
bolted  joint  panel  Is  shown  in  Figure  10.9.  Currents  are  transmitted  from 
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SVlITBH 

MATERIAL 

AVAtliABtLITY* 

MATERIAL 

COBT* 

WEIGHT 

1C1  ft2a 

APPLICATION  i 
REPAlHAIIlilTY* 

i. 

Aluminum  Haul  Vl»m*  (pray 

A-B.9  HIL,  IOOX  Covarag* 

5 

A 

8 

9 

2, 

Aluminum  Haul  Flam  Spaty 

A- 6.9  HIL,  SOX  Covarag* 

9 

2 

12 

8 

3, 

120  x  120  Aluminum  VHra  Scraan 

100  X  Covarag* 

2 

2 

1 

« 

A. 

200  x  200  Aluminum  Wira  Soraan 

100  X  Covaragu 

2 

2 

2 

7 

5. 

Aluminum  Foil,  2  MIL, 

100X  Covaragu 

3 

3 

A 

2 

A. 

Aluminum  Foil,  2  NIL, 

SOX  Covarag* 

3 

3 

10 

3 

7, 

Aluminum  Foil,  3  MIL, 

100X  Covarag* 

3 

3 

3 

A 

8. 

Aluminum  Fntl,  3  MIL, 

SOX  Cava  rag* 

3 

3 

7 

3 

l), 

Aluminum  Foil  Tap*,  2  NIL, 
Adliamtvaly  Backad,  100X  Oovarag* 

A 

S 

9 

2 

1U. 

Aluminum  Foil  Tap*,  2  HIL, 
Adhralvtly  Barked ,  SOX  Covarag* 

A 

s 

13 

3 

11, 

Aluminum  Foil  Tap*,  3  NIL, 
Adhualvily  Backad,  1001  Covarag* 

A 

5 

S 

2 

12. 

Aluminum  Full  Tap*,  3  MIL, 
Adhaalvaly  Backad,  SOX  Covarag* 

A 

5 

11 

3 

13. 

Kaptnn  Film,  1  HIL  +  2  MIL 

Aluminum  foil  Strips 

l 

1 

6 

1 

n,  Thn  hlghtr  tits  mmbst  ths  mors  fsvotshlt  ths  factor 


Figure  10.4  Kulntivc  Damage  Estimates^ 
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Figure  10,6  Temion  Data  for  Lightning  Protected 
Graphite -Giaas/Hpoxy  10-Ply 
Hybrid  Laminates^1-' 
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Figure  10.7  Temlon  Deti  for  Lightning  Protected 
Griphite-Boron/Bpoxy  10-Ply  Hybrid 
Lwinite*^ 
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Figure  10,8  Tension  Diti  for  Lightning  Protected 
Graphite -Kenlir/Epoxy  10-Ply 
Hybrid  Laminites^ 


the  compoeite  to  the  fastener*  which  in  turn  transmit  it  to  the  substruc¬ 
ture.  Aa  shown  In  Figure  10.9,  glavanic  Isolation  of  titanium  splice  pldto 
and  aluminum  lightning  protact iva  coating  is  maintained  across  the  joint  to 
prevent  electrochemical  action. 

A  bonded  Joint  is  shown  in  Figure  10.10.  In  contrast  to  bolted 
Joints  where  currents  follow  the  fasteners,  bonded  Joints  have  discontinuity 
at  the  metal-to-ccmposite  adhesive  bond  line.  Heating  and  Internal  arcing 
are  possible  at  the  interface  if  tha  cross-section  is  too  small  to  carry 
large  current  loads  that  may  be  produced  by  lightning.  Figures  10.11  and 
10,12  illustrate  the  panels  with  substructure  (laminate  and  honeycomb)  that 
were  also  tested. 

After  lightning  tests  ware  conducted,  structural  damage  was  found 
to  be  most  severe  for  tha  adhesively  bonded  Joints  and  least  severe  for  the 
mechanically  bolted  joints.  Composite  structures  that  utilise  an  aluminum 
honeycomb  core  are  particularly  susceptible  to  damage  due  to  the  low  resis¬ 
tance  of  the  honeycomb  compared  to  the  graphite  akin.  Lightning  will 
puncture  the  skin  and  flow  through  the  honeycomb, 

10.1.4.1.4  Environmental  Exposure 

It  is  necessary  that  tha  lightning  protection  ayataas  be  compati¬ 
ble  with  the  expected  service  environments.  Two  different  exposure  condi¬ 
tions  were  imposed  on  protected  composite  panels:  1000  continuous  hours  at 
140°f/100X  rslstive  humidity,  end  simulated  flight  cycling  (1000  cycles) 
from  -65°  to  2S0°F  in  a  Webgar  chamber,  Tha  results  are  given  In 
Figures  10.13  to  10.13  end  show  no  corrosion  to  the  aluminum  and  no  loss  of 
lightning  protection. 

10.1.4.1.3  Damage  Repair 

The  ef feet iva ness  of  the  lightning  protection  systems  were  eval¬ 
uated  after  repair  of  the  system  following  damage.  Two  types  of  damage  were 
considered:  minor  damage  comparable  to  a  tool  drop,  and  major  impact  damage 
caused  by  a  heavy  or  sharp  objact. 

Repair  of  the  damaged  laminates  consisted  in  rebuilding  the  com¬ 
posite  structure  with  reapplication  of  lightning  protection  across  the 
repaired  area.  Heat  bond  and  cold  bond  repair  procedures  were  used.  The 
hot  bond  procedure  consisted  of  the  following  steps: 

1.  Abrade  away  damaged  material  (taper  0.25  in, 
per  ply). 

2.  Abrade  away  paint  to  expose  base  protection  for 
o.5  in.  minimum  in  excess  of  damage  area. 

3.  Place  adhesive  (AF143,  10  mil)  over  damaged  area. 

4.  Place  tapered  prepreg  plies  in  damaged  area 
(mechanically  damaged  panels)  or  precured  patch 
(lightning  damaged  panel)  to  match  panel  con¬ 
tour. 


10-10 


Figure  10.10  Banded  Joint.  Panel  uith  Protection 


5.  Cure  laminated  prepreg  patch  plies  to  panel 
using  pressure  plate  and  autoclave  cure. 

6.  Mask  off  undamaged  panel  area  using  3-mil 
adhesive-backed  aluminum  tape. 

7.  Apply  aluminum  flame  spray. 

8.  Apply  MIL-P-23277  yellow  primer. 

\ 

9.  Apply  MIL-C-23286  Polyurethane  enamel, 
and  the  cold  bond  procedure  wan! 

1.  Abrade  away  damaged  material  (taper  0.25 
in.  per  ply) . 

2.  Abrade  away  paint  to  expose  base  protection 
for  0  r>  In.  minimum  in  excess  of  damage 
arua. 

3.  Fill  damaged  area  with  potting  compound. 

4.  Allow  potting  to  cure  at  room  temperature 
or  for  2  hours  at  160°F. 

5.  Fair  potting  to  panel  contour. 

6.  Apply  3-mil  adhesive-backed  foil  to  repair  \ 

area. 

7.  Mask,  off  undamaged  panel  area. 

8.  Apply  MIL-P-23277  yellow  primer. 

9.  Apply  MIL-C-23286  polyurethane  enamel. 

After  repair,  the  composite  panels  were  struck  with  simulated 
lightning  with  the  results  shown  in  Figure  10.16  -  10.19. 

The  results  indicate  that  damage  to  composite  protective  systems 
and  the  composite  substrate  can  be  repaired  acceptably.  The  electrical 
continuity  between  the  repaired  area  protective  coating  and  that  of  the  base 
structure  is  the  critical  repair.  Good  temporary  repiar  can  be  accomplished 
using  aluminum  foil  tape.  The  ideal  permanent  repair  is  aluminum  flamu 
spray  but  it  requires  special  personnel  and  facilities  not  usually  available 
in  the  field 

\ 

10,1.4.1.6  Discussion  of  Protection  Systems 

In  this  section,  overall  conclusions  on  the  various  lightning 
protection  systems  are  discussed.  Thu  first  three  systems  were  judged  best. 


10-14 


10. 1.4. 1.6.1  Aluminum  Metal  Flame  Spray,  4.0  -  6.9  mil 
Thickness,  100%  Coating 

This  coating  was  judged  one  of  three  superior  lightning  protection 
systems.  It  can  be  applied  to  simple  or  complex  parts,  is  easily  repaired 
nnd  gives  good  lightning  protection  for  Zone  1  and  Zone  2.  It  does  require 
special  equipment  and  well  trained  personnel  to  obtain  good  coatings. 

10.1.4.1.6.2  Aluminum  Metal  Flame  Spray  Strips,  4.0  -  6.9  mil 
Thickness  (5C)fc  coverage)-"^"  ~ 

This  system  was  judged  one  of  three  superior  lightning  protection 
systems.  This  provides  Zone  2  protection  in  strips  typically  3-inches  wide 
with  3-inch  spacing. 

10. 1.4. 1.6. 3  Aluminum  Wire  Screen  (120  x  120) 

This  system  was  one  of  three  superior  protection  systems.  Good 
protection  is  provided  in  Zone  1  and  Zone  2,  but  1b  restricted  to  applica¬ 
tion  on  simple  shapes.  Screen  is  at  moat  36  inches  wide. 

10.1.4.1.6.4  Aluminum  Screen  (200  x  200) 

ThiB  system  provides  limited  Zone  2  protection.  It  is  restricted 
to  application  on  simple  shapes  and  is  at  most  36  inches  wide. 

10.1.4.1.6.5  Aluminum  Foil  (2  mil) 


This  system  offers  limited  Zone  1  and  Zone  2  protection.  A  good 
quality  surface  finish  is  hard  to  obtain  except  for  simple,  flat  surfaces. 
Width  is  limited  to  36  inches. 

10.1.4.1.6.6  Aluminum  Foil  (3  mil) 

This  Byatem  offers  limited  Zone  1  and  Zone  2  protection.  Restric¬ 
tions  mentioned  in  10,1,4.1.6,5  apply  here. 

10.1.4.1.6.7  Aluminum  Foil  (2  mil,  3  mil  adhesively  backed) 

This  system  is  best  applied  to  cured  composite  surface.  It  offers 
limited  Zone  1  and  Zone  2  protection.  Strip  width  is  limited  to  3  inches. 

10.1.4.1.6.8  Aluminum  Foil  Tape  Strips  (3  mil,  adhesively  backed) 

3-lnch  Width  and  3^1nch  Spacing 

This  system  is  best  applied  to  the  composite  surface.  It  is  meant 
for  Zone  2  swept-stroke  conditions  only. 

10.1.4.1.6.9  Kapton  Film  (2  mil)  Plus  Aluminum  Foil  Strips 
(2  mil,  adhesively  backed) 

This  system  is  the  most  complex  to  install  (cocured)  and  the  most 
difficult  to  repair.  System  is  limited  to  simple  contour  or  flat  surfaces. 
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10.1.4,2  Grumman  Composite  Metallic  Coatings  Evaluation^) 

Grumman^)  has  made  a  study  of  metallic  coatings  that  can  be 
applied  to  graphite/epoxy  used  on  high  performance  aircraft.  The  coatings 
are  designed  to  prevent  moisture  absorption,  improve  shielding  effective¬ 
ness,  reduce  lightning  strikes  and  protect  against  paint  Btrippera  during 
aircraft  refinishing. 

Three  types  of  protective  coatings  were  applied  to  test  panels  of 
Hercules  AS/3501-6  graphite/epoxy  preimaregnated  tapes: 

•  solid  aluminum  foil  bonded  to  graphite/epoxy 

laminate 

•  perforated  aluminum  foil  cocured  with  graphite/ 
epoxy  laminates 

•  spray-and-bake  metal-filled  organic  coatings 
applied  to  graphite/epoxy  laminates. 

Three  spray-and-bake  coatings,  Kerimid  500  with  aluminum  powder, 
Alumazite  Z  with  silver  and  Alum&zite  Z,  were  tested  initially.  Alumazite  Z 
was  chosen  for  further  testing  because  of  itB  lack  of  moisture  pickup 
compared  to  the  other  two  as  shown  in  figure  10.20. 

10.1.4.2.1  Moisture  Resistance 


The  metallic  coating  systems  were  exposed  to  an  environment  of 

140°f  and  98%  relative  humidity  for  90  days.  Periodic  measurements  were 
taken  of  the  percent  moisture  pickup.  The  results  are  shown  in  Figure 

10.21.  The  solid  foil  and  cocured  foil  coatingB  significantly  protect 
against  moisture  pickup  while  the  Alumazite  Z  coating  itself  absorbed 
moisture  and  thus  had  greater  moisture  pickup  than  bare  graphite/ epoxy. 

The  moisture  resistance  was  also  evaluated  under  humidity  thermal 
spiking  conditions.  The  cycle  was  140°F  and  982!  relative  humidity  for  72 
hours  followed  by  260°F  for  2  hours  to  simulate  ground  storage  and  super¬ 
sonic  flight.  The  panels  underwent  40  cycles  and  the  results  are  shown  in 
Figure  10.22.  A  slight  decrease  in  moisture  resistance  occurred  for  the 
foil  coatings  while  no  change  was  observed  for  the  Alumazite  Z  coating. 

After  humidity  and  thermal  spiking  exposure  the  flexural  and  hori¬ 
zontal  shear  strengths  were  measured.  The  effects  of  humidity  and  thermal 
spiking  were  found  to  be  severe:  a  45-502!  reduction  in  260°F  flexural 
stress  and  a  50-50%  reduction  in  260°F  horizontal  shear  strength.  Both 

solid  foil  and  cocured  foil  offered  significant  protection  but  the  Alumazite 
Z  coating  offered  little  protection.  The  results  are  given  in  Figure  10.23 
and  10.24. 

10.1.4.2.2  Effects  of  Paint  and  Paint  Remover 

Graphite/epoxy  laminates  were  painted  with  standard  Navy  paint 
finish  (epoxy  polyimide  primer  (Mil-P-2377)  with  polyurethane  topcoat 
(M1L-C-81773)  and  exposed  to  humidity  (140°F  and  98%  relative  humidity) 
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\  figure  10,23  Cutting  Selection  --  flexural  Stress  (Z60uf)  as 
Percent  of  llnexposod  Strength12-* 


figure  10.24  Coating  Selection  --  Horizontal  Shear  Strength  ( 2<i()°l-' )  us 
Percent  of  llncxposed  Strength^ 
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and  thermal  spiking  (3  days  at  140°F  and  98%  relative  humidity  followed  by 
2  hours  at  26Q°F).  The  results  are  given  in  Figure®  10.25  -  10.30.  The 
painted  foil  protected  laminates  showed  considerable  protection  from  mois¬ 
ture  pickup  and  no  loss  of  flexural  or  horizontal  shear  stress. 

Paint  was  removed  using  Turco  T-5469  stripper  conforming  to 
MI.L-R-81294  and  the  horizional  shear  strength  and  flexural  stress  measured. 
The  results  are  given  in  Figures  10.29  and  10.30  and  show  good  strength 
retention  by  painted  foil  protected  laminates  and  little  change  due  to 
humidity  or  thermal  spiking.  The  Alumazite  Z  coating  protects  against  paint 
stripper  but  not  moisture. 

10.1.4.2.3  EMI  Shielding  Effectiveness 

The  EMI  shielding  effectiveness  of  18-ply  graphite/ epoxy  was  mea¬ 
sured  for  both  E-field,  H-field  and  plane  wave  fields.  Improvements  greater 
than  30%  in  E-field,  150%  in  H-field  and  55%  in  plane  wave  field  shielding 
was  obtained  by  coating  both  sides  of  the  laminate  with  2  mil  Bolid  foil 
humidity  and  thermal  spiking  produced  a  slight  decrease  in  shielding  effec¬ 
tiveness.  Alumazite  Z  coating  provided  no  effect  on  the  shielding  effec¬ 
tiveness. 


10.1.4.3  Shielding  Effectiveness  of  Aircraft  Protection  Systems 

In  addition  to  providing  protection  to  composite  aircraft,  many  of 
the  protection  systems  may  afford  a  certain  improvement  in  EM  shielding 
effectiveness.  A  general  study  of  this  problem  has  been  done  by  Grumman  as 
part  of  its  Protection  optimization  program  for  composite  structures.'3) 

Electric,  magnetic  and  plane  wave  shielding  effectiveness  measure¬ 
ments  were  performed  on  12-  and  24-ply  graphite/epoxy  panels  treated  with 
the  protection  systems  listed  inTable  10.3.  All  panelB  were  fabricatyed 
from  Hercules  AS/3501-5A  graphite/epoxy.  The  12-ply  panel  has  the  laminates 
(2/2/8)  and  the  24-ply  panel  has  the  laminates  (4/4/16)  where  the  orienta¬ 
tions  are  (0°/9Uo/+45°)  respectively. 

The  protected  panel  shielding  effectiveness  measurement  results 
are  shown  in  Figures  10.31  to  10.36.  These  results  indicate  that  the 
aluminum  flame  spray  gave  the  best  overall  protection,  probably  because  of 
the  continuous  coat.'3)  The  120  aluminum  mesh  also  did  quite  well  al¬ 
though  the  12-ply  panel  did  not  perform  as  well  as  the  24-ply  panel  with  the 
same  protection.  The  vaper  deposited  aluminum  and  aluminized  fiberglass  did 
poorly. 

10.2  Future  Composite  Protection-Doping  and  Intercalation 

Future  protection  systems  for  composite  aircraft  structures  tend 
to  stress  methods  of  increasing  the  composite  shielding  effectiveness  by 
increasing  its  conductivity,  i.e.,  making  it  behave  more  like  a  metal. 
Current  efforts  stress  increasing  fiber  conductivity  since  the  matrix  resin 
material  is  a  dielectric. 

Two  methods,  doping  and  intercalation  of  the  graphite  fibers,  have 
been  described  In  detail  in  Chapter  5.0  (Intrinsic  Material  Properties)  and 
will  only  be  described  here  in  general  terms. 
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The  doping  of  graphite  fibers  is  similar  to  doping  a  semiconductor 
by  introducing  an  impurity  into  the  crystal.  Results  have  indicated  an 
increase  in  fiber  conductivity  by  a  factor  of  50  in  some  cases,  however  the 
doping  process  may  be  hard  to  control. 

Intercalation  is  the  process  of  inserting  metallic  or  nonmetalllc 
chemical  species  between  graphite  crystal  layers  in  graphite  fibers.  Very 
dramatic  increases  have  been  reported  for  pure  intercalated  graphite  with 
conductivities  about  the  seme  as  copper  or  silver.  For  commercially  avail¬ 
able  fibers,  the  resulting  intercalated  fiber  conductivities  are  about  20  to 
AO  times  that  of  the  regular  fiber.  These  results  could  probably  be  im¬ 
proved  significantly  if  more  care  was  taken  in  the  graphite  fiber  manufac¬ 
turing  process  to  ensure  a  more  perfect  graphite  fiber  crystal  structure. 
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DESIGN  GUIDELINES 


In  this  chapter,  the  information  developed  and  discussed  in  the 
previous  chapters  is  condensed  into  a  set  of  guidelines  for  designing  elec¬ 
tromagnetic  compatibility  into  composite  aircraft.  The  approach  taken  in 
developing  the  guidelines  is  to  represent  the  overall  voltage  transfer 
function  from  external  field  to  internal  electronic  device  feed  point  as  a 
cascaded  set  of  transfer  functions,  each  one  involving  only  a  portion  of  the 
whole  procesB.  Guidelines  are  then  given  for  each  portion  separately. 

Section  11.1  describes  in  general  terms  the  required  interaction 
of  u  number  of  separate  disciplines  to  produce,  a  compatible  composite 
aircraft.  A  description  is  given  of  the  individual  transfer  functions  that 
collectively  describe  the  voltage  Induced  at  an  interior  device  port  as  a 
result  of  an  external  electromagnetic  field. 

Section  11.2  specifically  describes  each  individual  transfer  func¬ 
tion  and  gives  guidelines  for  ita  use. 

Section  11.3  provides  a  baseline  case,  an  unprotected  composite 
aircraft,  as  an  example  to  which  the  guidelines  can  be  applied.  The  analy¬ 
sis  for  this  case  provides  an  estimate  of  the  amount  of  protective  shielding 
that  wil‘  be  required  for  compatibility. 

Suction  11.4  provides  characteristics  on  various  protective  de¬ 
vices  used  on  aircraft  to  protect  against  external  fields.  Simple  tradeoff 
guidelines  are  estimated  to  allow  required  protection  to  be  chosen  at 
minimum  weight  And  least  cost. 

11.1  Overview 

The  earlier  chapters  in  the  handbook  tended  to  focus  on  certain 
Individual  aspects  of  composite  materials.  For  example,  Chapter  2  treated 
electromagnetic  threats;  Chapter  5,  intrinsic  material  properties,  and 
Chapter  7,  subsystem  susceptibilities.  The  material  typically  took  the 
form  of  formulas  and/or  diagrams  which  often  had  little  obvious  connection 
to  material  found  in  other  chapters.  Such  analysis,  although  Indispensable 
for  understanding  composite  material  behavior,  tends  to  obscure  the  funda¬ 
mental  fact  that  an  integrated,  interdisciplinary,  "total"  systems  approach 
is  required  in  all  (not  Just  later)  phases  of  aircraft  system  design  when 
working  with  composite  materials"  This  procedure  1b  in  contrast  to  proce¬ 
dures  used  for  metallic  aircraft  of  earlier  times.  Then,  the  structural, 
avionic  and  electromagnetic  parts  of  system  design  could  proceed  separately 
in  the  early  stages.  Unification  of  the  parts  took  place  in  the  later, 
detailed  design  phases  and  usually  was  accomplished  without  significant  cost 
or  time  overruns.  For  composts  aircraft,  a  number  of  individual  disciplines 
must  be  combined  (usually  on  a  computer)  using  mathematical  models  und/or 
measurements  to  produce  designs  having  the  required  structural,  avionic  and 
electromagnetic  properties.  The  situation  is  illustrated  in  Figure  11.1. 
because  such  properties  are  interdependent  and  rarely  optimum,  tradeoffs 
among  the  system  parameters  usually  are  required.  The  crucial  point  to  be 
made  here  is  that  the  use  of  a  few  isolated  disciplines  to  determine  even 
preliminary  aircraft  design,  an  acceptable  strategy  for  earlier  generations 
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Figure  11.1  Integrated,  Multidiscipline  Approach 
To  Composite  Aircraft  Design 


11-2 


of  metallic  aircraft  and  their  electronics,  Is  unacceptable  for  composite 
aircraft  and  Its  electronics.  For  example,  using  aluminum  foil  over  a 
graphite/ epoxy  panel  can  solve  electromagnetic  shielding  problems  but  not 
corrosion,  maintenance  or  repair  problems.  A  special  coating  over  a  compos¬ 
ite  surface  can  solve  corrosion  problems  but  the  weight  penalty  may  be  too 
great  and  the  electromagnetic  shielding  too  poor.  Without  a  "total"  a_,  terns 
approach  to  designing  with  composites,  the  final  result  may  be  electronical¬ 
ly  Incompatible  and  require  costly  and  time  consuming  fixes  if,  indeed,  such 
fixes  can  be  found.  Even  if  a  compatible  design  is  produced  the  lack  of  a 
"total"  systems  analysis  compatability  means  the  ability  is  lost  to  gauge 
quickly  the  impact  upon  composite  system  performance  of  rapidly  changing 
technologies  and  military  postures.  Such  an  inability  would  make  the  future 
vulnerability/survivability  of  a  presently  sound  composite  aircraft  diffi¬ 
cult  and/or  expensive  to  determine. 

To  prevent  such  shortcomings,  a  set  of  design  guidelines  for  the 
use  of  composite  materials  on  aircraft  is  clearly  required.  This  chapter 
will  develop  and  diBcuss  composite  electromagnetic  design  guidelines  only. 
Such  guidelines  can  be  used  by  design  engineers  in  assessing  the  electromag¬ 
netic  performance  of  composite  aircraft  at  any  stage  in  the  system  procure¬ 
ment  cycle.  Although  the  guidelines  focus  on  the  electromagnetic  aspects  of 
system  performance,  the  effects  of  other  factors  on  electromagnetic  perfor¬ 
mance,  as  illustrated  In  Figure  11.1,  will  be  taken  into  account  when 
developing  the  guidelines. 

An  overview  of  the  general  problems  of  electromagnetic  compatibil¬ 
ity  for  a  composite  aircraft  is  given  in  Figure  11.2.  An  aircraft,  composed 
in  some  part  of  composite  materials,  is  situated  in  a  perturbing  electromag¬ 
netic  environment.  One  quantity  of  interest  is  the  frequency  dependent 
open-circuited  voltage  Vij(f)  induced  at  ports  on  avionic  and  other  electro¬ 
magnetic  equipment  boxes  by  the  external  electromagnetic  fields.  Such 
voltages  must  be  sufficiently  small  to  prevent  avionic  or  electronic 
subsystem  incompatibility,  upset  or  burnout.  They  can  be  estimated  by 
expressing  them  as  a  sum  of  the  frequency-dependent  transfer  functions  D(f), 
T,(f),  T2(f ).  •  *T(,(f )  as  shown  in  Figure  11.2.  D(f)  is  the  intensity  of 
the  external  electromagnetic  fields  Tj(f),  the  material  airframe  electro¬ 
magnetic  shielding  function;  T2(f),  the  shielding  influence  of  the  airframe 
shape;  13(f),  the  joint  leakage  terra;  14(f),  the  cable  shielding  term; 
T5(f)  the  subsystem  susceptibility  term,  and  Tg(f),  a  terra  that  reflects  the 
protection  methods  used  in  the  system.  Each  of  these  terms  will  be  dis¬ 
cussed  in  the  following  sections.  The  results  will  constitute  a  set  of 
guidelines  to  be  used  to  design  electromagnetic  compatibility  into  a  compos¬ 
ite  aircraft  and  will  form  a  basis  from  which  tradeoff  studies  involving 
weight,  cost  and  protection  can  be  performed. 

11.2  £lj?^tjnDm_a_g_net_ic  Design  Guidelines 

In  the  following  section,  electromagnetic  design  guidelines  for 
aircraft  using  composite  materials  will  be  developed  and  discussed.  These 
guidelines  summarize  the  detaiLed  findings  in  the  earlier  chapters  of  the 
handbook  and  present  the  results  in  the  form  of  diagrams  and  tables.  The 
guidelines  are  organized  in  such  a  way  that  the  evaluation  of  the  transfer 
functions  D(f),  T  4 ( f  ) ,  T  2  C  f ) 15(f)  is  straightforward.  The  protec¬ 
tion  transfer  function,  Tg(f),  is  discussed  in  Section  11.4. 
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11.2.1  External  Electromagnetic  Field s 

The  external  electromagnetic  fields  are  presumed  to  arise  from 
lightning,  nuclear  electromagnetic  pulse  (NEMP),  radio  frequency  (RF)  and 
high  energy  laser  radiation  and  precipitation  static  discharge.  A  suitable 
combination  of  these  threats  will  determine  the  frequency  dependent  transfer 
function  D(f ) . 

The  lightning,  NEMP  and  laser  threats  are  summarized  in  Figure 
11.3.  The  threat  amptitudes  are  given  as  a  function  of  frequency  and  alLow 
the  determination  of  D(f)  in  terms  of  field  strength.  The  precipitation 
static  spectrum  is  similar  to  lightning  but  is  many  orders  of  magnitude 
smaller  and  is  not  shown. 

The  RF  threat;  spectrum  is  given  in  Figures  11.4  and  11.5  as  a 
function  of  frequency.  Two  cases  are  considered.  Figure  11.4  is  a  general 
unclassified  RF  environment  extending  from  10  kHz  to  100  GHz.  The  RF  fields 
are  made  up  of  a  variety  of  commercial  and  military  transmitters.  Figure 
11.5  is  similar  to  Figure  11.4  but  considers  the  RF  environment  In  the 
vicinity  of  a  Navy  carrier.  In  this  case,  only  communication  and  high 
powered  radars  are  considered.  The  information  from  these  figures  can  be 
used  to  estimate  the  field  strengths  incident  on  an  aircraft  containing 
composites  under  a  variety  of  external  field  conditions. 

11.2.2  Electromagnetic  Shielding  [ T i < f )  and  T?(f)} 

The  electromagnetic  shielding  provided  by  composite  shields  dif¬ 
fers  substantially  from  that  provided  by  metals.  This  lack  of  shielding  is 
due  to  the  different  electrical  properties  of  composites,  notably  poor 
conductivities,  when  compared  to  those  of  metals.  A  summary  of  composite 
intrinsic  electrical  properties  is  given  in  Figure  11.6  while  a  comparison 
of  composite  and  metallic  conductivities  is  shown  in  Figure  11.7.  From 
these  data,  gvaphite/epoxy  is  seen  to  have  the  highest  conductivity  of  the 
composites  surveyed.  Even  so,  it  is  still  about  3800  times  less  conductive 
than  aluminum  and  qualifies  as  only  a  fair  conductor.  Boron/epoxy  la  much 
less  conductive  than  graphite/epoxy  while  Kevlar  is  a  nonconducting  dielec¬ 
tric.  Compared  to  aluminum,  graphite/epoxy  will  offer  reduced  shielding, 
boron/epoxy,  poor  shielding,  and  Kevlar  no  shielding  at  all  in  the  frequen¬ 
cy  spectrum  of  interest  (up  to  18  GHz). 

The  standard  measures  of  electromagnetic  shielding  of  a  material 
shield  are  the  magnetic  and  electric  shielding  effectiveness,  Sjj  and  Sg . 
These  quantities  are  defined  in  terms  of  external  and  internal  electromag¬ 
netic  fields  as; 
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MATERIAL  CONDUCTIVITY 
Low  Composite  Material  Eiectricai  Conductivity 
Provides  Low  Electromagnetic  Shielding. 


Figure  11.7  Material  Conductivities 


11-8 


Considerable  published  measured  data  exists  for  both  Sg  and  for  various 
materials.  Published  results  for  graphlte/epoxy  are  given  in  Figure  11.8 
along  with  theoretical  curves.  Considerable  variation  in  the  measured  re¬ 
sults  is  apparent,  especially  for  low  frequency  Sg.  The  reasons  for  this 
variation  are  that  Sg  and  Sg  not  only  depend  on  the  shield  material  but 
also  on  the  shape  of  the  shield,  the  nature  of  the  incident  field  and  even 
the  configuration  of  the  test  apparatus.  The  latter  fact,  in  particular, 
explains  why  two  carefully  conducted,  but  different,  shielding  experiments 
may  produce  very  different  results.  The  values  for  Sg  and  Sg  may  be  correct 
for  the  test  apparatus  in  question,  but  they  cannot  be  used  to  characterize 
accurately  the  shielding  for  any  other  test  apparatus  or  for  different  mate¬ 
rial  shapes  in  the  same  test  apparatus. 

The  electromagnetic  shielding  for  composite  materials  is  illus¬ 
trated  in  Figure  11.9  for  a  small  cylindrical  test  sample  and  Is  compared  to 
the  shielding  of  aluminum.  Only  Sg  for  aluminum  1b  shown  since  Sg  >200 
dB  in  this  frequency  range.  The  electric  shielding,  Sg,  is  high  at  low 
frequencies  and  decreases  at  higher  frequencies.  The  magnetic  shielding 
has  the  opposite  behavior.  Both  shielding  terms  are  larger  for  higher  con¬ 
ducting  materials  for  a  fixed  frequency.  There  exists  a  frequency  (called 
the  cutoff  frequency)  below  which  the  magnetic  shielding  is  essentially 
zero.  The  poorer  the  material  conductivity,  the  larger  this  frequency. 
Figure  11.9  can  be  used  to  design  T^(f)  for  a  particular  shape  and  illus¬ 
tration. 


If  the  shape  of  the  material  shield  changes,  the  electromagnetic 
shielding  changes.  The  effect  of  the  shape  on  magnetic  shielding  is  illus¬ 
trated  in  Figure  11.10  for  certain  generic  shapes.  High  shielding  effec¬ 
tiveness  Is  evident  for  a  single  flat  plate.  Such  a  shape  is  called  an 
"open"  geometry.  Aircraft  structures,  however,  are  "closed"  geometries  and 
are  better  represented  by  two  parallel  plates,  a  cylinder  or  a  sphere.  Such 
geometries  do  not  provide  good  uniform  shielding  across  the  spectrum  but 
rather  have  a  cutoff  frequency  below  which  the  shielding  is  effectively 
zero.  For  more  general  shield  geometries  illuminated  by  uniform  external 
fields,  the  critical  shape  parameter  is  the  volume-to-surf ace  area  ratio  . 
For  uniform  magnetic  fields,  the  magnetic  shielding  effectiveness  increases 
for  larger  ~.  Thus,  a  structure  with  large  like  a  bomber,  has  greater 
magnetic  shielding  than  a  structure  like  a  missile  with  a  small  Electric 
shielding  effectiveness  will  tend  to  behave  the  opposite  way. 

To  design  using  Sg  and  Sg,  shielding  effectiveness  curves  analo¬ 
gous  to  Figures  11.8  -  11.11  must  be  constructed  for  the  particular  compos¬ 
ite  shield  material  and  for  the  shape  the  shield  will  be.  Figures  11.9  - 
11.11  assume  uniform  electromagnetic  fields.  For  nonunifom  fields,  the 
shielding  will  be  different.  Finally,  if  attempts  are  made  to  measure  the 
shielding  to  verify  design  specifications,  the  experimental  test  setup  can 
affect  the  results  significantly.  Clearly,  Sg  and  Sg  are  vary  tricky 
parameters  to  use  for  designing  T^(f)  and  T2 ( f )  shielding  transfer  functions 
because  of  their  sensitivity  to  factors  other  than  composite  material  proper- 
t  les . 
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Magnetic  Shielding  Effectiveness  Figure  11.11  Magnetic  Shielding  Effectiveness 

for  Various  Shapes  for  Various  Shapes 


A  more  promising  shielding  design  parameter,  valid  for  shields 
whose  local  radius  of  curvature  is  large  with  respect  to  wavelength  in  the 
shield,  is  the  surface  transfer  impedance.  This  parameter  is  defined 
by 
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where  E  is  the  tangential  component  at  the  shield  surface  of  the  intern¬ 
al  electric  field,  while  JgkX  is  the  external  surface  current  density.  An 
equivalent  relation,  valid  for  all  frequencies,  is 
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whore  N  *  (  jwy/a)  is  the  intrinsic  impedance  of  the  shield;  V  *  (Joopo), 
the  propagation  factor  and  d,  the  shield  thickness.  These  quantities  depend 
only  on  the  composite  intrinsic  properties  (  y,c)  and  on  the  angular  fre¬ 
quency  (a)).  Consequently,  the  material  shape  does  not  Influence  transfer 
impedance  -  material  transfer  impedances  for  different  shapes  and  the  same. 
This  is  the  advantage  of  Zg^  over  Sg  amd  and  makes  it  a  much  better 
shielding  design  parameter. 

The  low  frequency  asymptote  of  Zgij  is  given  by 
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which  is  a  very  simple  function  of  material  properties  and  Bhleld  thickness. 
Tho  transfer  impedance  is  shown  in  Figure  11.12  for  composites,  aluminum  and 
titanium  for  thirknesses  corresponding  to  8-ply  composite  (0.001069m). 
These  curves  can  be  used  to  design  Tj(f). 

The  effect  of  shape  on  the  electromagnetic  shielding  can  be  ascer¬ 
tained  from  the  relationship  between  shielding  effectiveness  and  transfer 
impedance.  For  homogeneous,  conducting  shield 
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where 


ZE  -  (8JIef/(v/S))" 


Z^  ■  (u/e)*1  for(  •  flat  plate 

■  joip-  for  a  cylindrical,  spherical  or 
"  *  parallel  plate  enclosure. 


Hero  F.  is  the  material  permittivity;  M ,  the  material  permeability;  w,  the 
angular  frequency,  and  the  volurae-to-surf ace  area  ratio.  The  quantities 


ZE  and  Zj|  will  vary  with  shield  geometry  and  with  the  nature  of  the  illumi¬ 
nating  electromagnetic  field. 

To  design  T^(f)  and  12(f) »  the  transfer  impedance  (material- 
dependent  only)  is  combined  with  an  appropriate  shape  factor  to  produce  the 
required  shielding  of  f  active  ness*. 

11.2.3  Joint  Leakage  [T3 (  f ) ) 

The  leakage  of  electromagnetic  energy  through  composite  joints, 
though  very  important,  has  been  difficult  to  assess  until  recently.  Part  of 
the  reason  is  that  composite  joint  technology  has  been  viewed  largely  as  a 
structural  and  manuf acturing  problem.  In  fact,  composite  joint  technology 
is  a  prime  example  of  how  the  manufacturing  process  together  with  structural 
and  electromagnetic  design  considerations  must  all  Interact  if  a  joint  that 
has  both  structural  and  electromagnetic  integrity  is  to  be  produced. 

Aircraft  joints  involve  connecting  two  separate  components  by 
fasteners  or  adhesive.  Because  composite  fibers  are  responsible  for  most  of 
the  material  conductivity,  most  joints  involving  composites  have  signifi¬ 
cantly  iower  conductivity  than  that  of  the  components  being  joined.  This 
general  result  is  due  to  the  lack  of  fiber  continuity  across  the  Joint. 
This  problem  will  be  particularly  acute  if,  as  has  often  been  the  case,  a 
nonconducting  adhesive  is  used  thereby  allowing  electromagnetic  energy  to 
leak  through  the  Joint.  The  joint  may  be  structurally  sound  but  will  not  be 
electroraagnetically  "tight". 

The  most  common  aircraft  Joint  is  one  Joined  with  metal  fasteners. 
In  contrast  to  adhesively  fastened  joints,  the  use  of  proper  fasteners 
allows  better  f iber-to-f lber  electrical  contact  through  the  faBtener.  The 
conductivity  is  improved  but  still  limited. 

Other  electromagnetic  joint  leakage  problems  can  arise  from  the 
attempt  to  prevent  galvanic  corrosion  between  aluminum  and  composite,  an 
acute  problem  for  graphite/epoxy.  Tho  common  solution,  insertion  of  a 
dielectric  coating  between  metal  and  composite  panels,  prevents  corrosion 
but  spoils  the  electromagnetic  integrity  of  the  structure  by  forming  an 
aperture  or  slot. 

Electromagnetic  leakage  through  joints  is  described  by  a  joint 
Impedance  or  admittance.  The  admittance  Yj  is  defined  by 


where  Av  is  the  voltage  across  the  joint  and  JB  Is  the  current  density 
flowing  through  the  joint.  Measured  data  has  recently  become  available  on  a 
few  joint  types  and  is  given  in  Figure  11.13.  The  joint  admittance  Is 
fairly  constant  for  low  frequencies  and  gradually  rises  for  high  frequen¬ 
cies  . 


A  limited  amount  of  work  has  been  done  to  model  joint  admittances. 
For  a  butt  joint,  the  joint  admittance  has  been  shown  to  be  approximately 


where  A  *,  k^  and  ijn,  Aq  ,  kg  are  the  impedance,  wavelength  and  wavenumber 
in  regions  "A"  and  "C"  on  either  side  of  the  joint  of  width  W.  The  constant 
C  is  0.2226. 

Considerable  work  remains  to  be  done  to  characterize  and  control 
joint  leakage.  Data  on  the  effect  of  mechanical  stresses  and  strains  on. 
Joint  admittances  would  be  very  useful.  The  current  standard  for  Joint 
impedance  Is  2.5  millohms/meter  which  Is  satisfied  only  by  specially  manu¬ 
factured  graphite/epoxy  Joints. 

11.2.4  Cables  [ T4  <  £ ) ] 

The  coupling  of  electromagnetic  fields  to  Internal  cables  and 
wiring  is  an  extremely  difficult  problem  for  the  general  multicable,  multi- 
wire  bundles  found  in  aircraft.  The  existence  of  significant  composite 
structure  in  the  airframe  will  affect  the  electromagnetic  shielding  and  the 
nature  of  the  field  incident  on  the  wiring. 

This  section  will  consider  only  the  case  of  a  uniform  electro¬ 
magnetic  field  incident  on  both  a  shielded  and  unshielded  transmission  line. 
Although  simplified,  this  case  does  provide  a  meanB  for  estimating  the 
voltage,  current  and  power  levels  that  occur  on  real  aircraft  cable  systems. 

An  isolated  two-wire  transmission  line  is  shown  in  Figure  11.14. 
The  uniform  E-field  is  assumed  to  be  polarized  parallel  to  the  line  and  to 
b trike  it  broadside.  The  line  has  characteristic  impedance  Z0,  terminat¬ 
ing  impedances  and  7*1,  wire  diameter  a,  wire  separation  b,  and  line 
length  L.  For  lossless  lines,  the  open  circuit  voltage  and  short  circuit 
current  can  be  shown  to  be 


voc(t)  -  it)  ♦  ^  rn  (i?n  -  r2n_L) 


‘  Zoit]  +  J,  + 


(11-10) 


where  v  Is  the  velocity  of  propagation  on  the  line;  E0( t )  is  the  amplitude 
of  the  incident  field;  T0  ■  L,  and  ]',  the  voltage  reflection  coefficient 


at  the  terminated  end  of  the  line 


is  given  by: 


Z2  -2o 
22+Zo 
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minor  parameter  modifications  allow  (11-10)  to  be  used  when  only  a  portion 
of  the  line,  is  exposed  to  the  incident  field  or  if  the  problem  involves  a 
single  wire  over  a  ground  plane  (image  theory,  see  Figure  11.15). 

Using  (11.10),  bounds  can  be  calculated  on  the  peak  open-circuited 

PEAK  PEAK  PEAK 

voltage  VoC  ,  peak  short-circuited  current  Ioc  ,  and  peak  power  p 

PEAK  PEAK 

The  quantities  VQC  and  1BC  are 
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where  Imax  can  be  calculated  or  estimated  as  Imax<.  1-*  E^max* 

These  estimates  can  be  modified  for  fields  with  a  rapid  rise  time 
to  peak,  such  as  lightning  and  EMP.  Then,  only  a  few  terms  of  (11-10)  are 
non  zero  and  better  current  and  voltage  estimates  ares 
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The  peak  power  can  then  be  estimated  as 
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and  the  delivered  energy,  by 
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where 
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Lt'  the  line  is  electrically  short  then 
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A  shielded  wire  above  a  ground  plane  Is  shown  in  Figure  11.16. 
Aga Ln,  with  minor  modifications  of  some  of  the  parameters  (shown  In  Figure 
11. L6) ,  the  two-wire  transmission  line  theory  can  be  used  to  treat  shielded 
wire  provldad  an  estimate  is  available  for  the  effective  field  illuminating 
the  interior  wire. 

The  effective  field,  Eeff>  can  be  shown,  for  low  frequencies,  to  be 
approximately: 


‘•ff 


2  2t  Eo  1 
Zl  +  Z2 


(11-19) 


where  GQ  is  the  incident  field  amplitude;  L,  the  line  length;  Z}  and 
Z2,  the  terminating  impedances  of  the  shield,  and  ?.t ,  the  surface  trans¬ 
fer  impedance  of  the  shield.  Then,  fow  low  frequencies: 
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1 1 . 2 .  b  Subsystem  b_uj3c_ep^ijbi_li_t^  (T5 ) 

Advances  in  electronic  devices  has  been  one  of  the  most  tap  idly  de¬ 
veloping  technologies  in  recent  times.  Vacuum  tube  and  discrete  transistor 
technology  have  been  replaced  by  integrated  circuits  and  large  scale  inte¬ 
grated  circuit  (LSI)  technology.  These  trends  are  expected  to  continue  with 
the  advent  of  very  large  scale  integrated  circuit  (VLSI)  technology  ln  the 
neur  f  uture. 

Figure  11.17  shows  changes  in  electronic  device  characteristics  in 
parallel  with  changes  in  airframe  materials  and  components  from  pre  1950  to 
the  1980's.  In  determining  device  susceptibility,  both  the  upset  voltage 
across  the  device  and  the  power  foi  burnout  of  the  device  must  be  consid¬ 
ered.  As  Figure  11.17  shows,  the  push  >f  technology  has  lowered  device 
upset  voltage  and  burnout  energy  dramatically .  A  key  point  to  note  is  that 
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Figure  11.16  Shielded  Cable  Geometry 
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the  development  of  the  most  susceptible  devices  coincides  with  the  increased 
use  of  composite  materials .  Because  of  the  poorer  shielding  provided  by 
composites  compared  to  aluminum,  the  vulnerability  of  modern  electronic 
devices  to  upset  and  burnout  will  be  greatly  increased  unless  adequate 
protection  methods  are  used. 

The  upset  and  burnout  energies  for  various  circuit  components  and 
devices  are  shown  in  Figure  11.18.  These  levels  can  serve  as  a  general 
guide  to  the  maximum  energy  levels  a  particular  device  should  experience. 
Key  facts  are  that  integrated  circuits  are  most  susceptible  and  burnout 
energy  Is  10  times  upset.  Figures  11.19  and  11.20  present  worst  case  sus¬ 
ceptibility  data  for  CMOS  and  TTL  technologies,  operational  amplifiers  and 
3-pin  and  multi-pin  regulators  as  a  function  of  frequency.  Device  suscep¬ 
tibility  becomes  much  worse  below  1  GHz.  This  trend  renders  the  devices 
potentially  vulnerable  to  lightning  and  BMP  threats.  Protection  methods 
will  be  discussed  in  Section  11.4. 

11.3  Unprotected  Aircraft  Performance  Guidelines 

Section  11.2  discussed  the  factors  that  must  be  considered  when 
designing  electromagnetic  compatibility  into  composite  aircraft.  These 
factors  were  characterized  as  frequency-dependent  transfer  functions  D(f), 
T^(f ) - 15(f).  The  calculation  of  these  functions  for  a  given  inci¬ 

dent  electromagnetic  field  (considered  a  threat)  will  allow  an  estimate  to 
be  made  of  the  induced  voltages,  currants,  powers  and  energies  that  will 
appear  at  electronic  subsystem  entry  ports.  One  important  baseline  Is  the 
performance  of  an  unprotected  all-composite  aircraft  exposed  to  strong 
external  electromagnetic  fields  (lightning,  RF  EMP).  The  results  of  Buch  an 
analysis,  of  course,  will  vary  with  the  parameters  of  the  specific  problem. 
In  this  section,  a  single  example  of  such  an  analysis  will  be  given  for  a 
set  of  "typical"  conditions.  A  comparison  then  will  be  made  between  alumi¬ 
num  and  graphite/ epoxy .airframe . 

The  parameters  used  in  the  analysis  are:  graphite/ epoxy  conduc¬ 
tivity,  1(T*  mhos/m}  composite  thickness,  0.0025  m  (19  plies);  lightning 
and  EMP  threats,  worst  case  double  exponential  waveforms;  the  characteristic 
impedance  of  the  transmission  line,  100  ohms,  and  the  reflection  coeffi¬ 
cient,  |  1-0.54.  The  integral  Imttx  is  approximated  as  LE^ax  where  L  is 

the  exposed  line  length  and  Emax,  the  maximum  amplitude  of  incident  field. 
A  shipboard  RF  threat  is  given  as  400  V/m. 

The  results  are  shown  in  Figures  11.21  and  11.22  as  a  set  of 
curves.  Estimates  are  given  on  the  open-circuited  voltage  Voc,  the  short- 
circuited  current  lsc,  and  the  power,  VQC  IsC  delivered  to  the  line  termina¬ 
tion  as  functions  of  line  length  L  and  threat  type.  Estimates  are  also 
given  on  minimum  required  Wunsch  constants  for  devices  that  will  survive  the 
threat. 


The  contribution  to  the  upper  bounds  on  VQC,  I8C,  power  and 
minimum  Wunsch  constant  due  to  joint  coupling  is  shown  in  Figure  11.23.  Be¬ 
low  1U0  MHz  the  joint  admittance  was  taken  as  a  constant  15  mhos/m.  Above 
2  GHz  the  joint  admittances  becomes  frequency  dependent  as  shown  in  Figure 
11.13. 
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EM  SUSCEPTABILITY  (TB) 

Upset  and  Burnout  Energies  for  Various  Circuit  Elements 
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Figure  11.18  Electronic  Component  Upset  and  Burnout  Energies 
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Figure  11.19  Worst  Case  Absorbed  Power  Susceptibility 
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This  type  of  analysis  can  be  used  to  estimate  Voc,  I8C,  power 
and  energy  induced  on  wires  running  the  length  of  a  fighter  size  aircraft. 
For  an  aluminum  aircraft  Voc  ■  10.1  voltB  and  I.c  ■  0.3A.  The  results 
for  a  composite  aircraft  are  given  in  Figure  11.24.  TheBe  estimates  have 
been  well  confirmed  by  experiment.  Direct  lightning  strike  is  seen  to  be 
the  worst  threat. 

These  estimates  on  the  various  parameters  can  now  be  compared  to 
device  susceptibility  curves  such  as  shown  in  Figures  11.19  and  11.20.  This 
comparison  allows  an  estimate  to  he  made  of  the  amount  of  protection  re¬ 
quired  for  the  composite  aircraft  to  insure  electromagnetic  compatibility. 
The  amount  of  protection  required  can  be  represented  by  a  frequency  depen¬ 
dent  transfer  function  T^(f)  which,  when  added  to  D(f),  Tj(f)  T^Cf), 
will  reduce  the  Induced  voltage,  current  and  power  below  device  susceptibil¬ 
ity  levels.  For  convenience  Tg(f)  can  be  represented  ae  a  sum  of  terms 


T  (hi  -  t"****1*1  *  T«baps  -joints  -cable  .  -box 
VD,  t16  +  ?26  *  T36  +  T46  +  T36 


where  T^g  —  Tgg  repraent  transfer  functions  for  different  kinds  of  pro¬ 
tection.  The  use  of  composites  directly  alters  T j ^MATERIAL ^  f^^JOlNTS 
and  T5gB0X.  Changes  in  T2gSHAPE  and  T4gCABLE  result  from  advance  in 
other  technologies. 

The  low  frequency  electromagnetic  hardness  of  composites  and  vari¬ 
ous  metals  is  shown  in  Figure  11.25  in  terms  of  material  surface  transfer 
Impedance.  Low  frequency  lightning  directly  striking  an  aircraft  induces 
the  greatest  voltages  and  current  on  internal  circuits  and  represents  the 
greatest  threat  considered  here.  As  Figure  11.25  shows,  considerable  pro¬ 
tection  is  afforded  by  various  metallic  systems.  However,  weight  penalties 
paid  end  degradation  occurring  during  the  system  life  cycle  must  also  be 
considered. 

The  amount  of  protection  provided  by  different  4  mil  coatings 
covering  graphite/epoxy  is  shown  in  Figure  11.26.  The  improvement  in 
shielding  can  be  expressed  as  a  ratio  of  material  transfer  impedances 
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where  and  d  represent  conductivity  and  thickness.  Copper  reduces  the 
fields  hy  a  factor  of  325  while  an  equal  thickness  of  aluminum  reduces  the 
fields  by  a  factor  of  140.  Although  nickel  and  tin  reduce  the  fields  only 
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EM  PROTECTION  OF  METALS  AND  COMPOSITES  {T*! 

Transfer  Impedance  Shielding  t>f  Structural  Materials  and 
Protective  Electromagnetic  Coatings 

(Vafid  for  Frequencies  Below  106  Hz) 


igure  11. Transfer  Impedance  Shielding  of  Structural  Material  and  Protective  EM  Coating 


Protective  Coatings  Improvement  Relative  to  8-Ply  G/E 


Figure  11.26  Improvement  Protective  Coatings  Provided  Relative  to  8-Ply  Graphite/ tpoxy 


by  a  factor  of  58  and  40,  they  are  attractive  because  they  are  non-corrosive 
with  graphite/epoxy. 


Figure  11.27  shows  the  weight  penalty  that  is  incurred  by  adding 
1U0  ft2  of  the  4  mil  coatings,  given  in  Figure  11.26,  to  the  composite. 
This  area  conveniently  approximates  the  area  of  the  AV-BB  forward  fuselage 
which  is  under  development.  This  figure  illustrates  that  copper,  besides 
providing  superior  shielding,  also  extracts  the  worst  weight  penalty.  The 
least  weight  penalty  is  extracted  by  the  various  aluminum  protection  sys¬ 
tems  . 


Both  the  shielding  and  the  weight  penalty  can  be  combined  into  an 
overall  f  Lgure  of  merit  defined  as: 

FIGURE  OF  MERIT  -  SHIELDING  IMPROVEMENT  (11-24) 

SURFACE  DENSITY 

The  surface  densities  of  the  various  coatings  are  given  in  Figure  11.27. 

The  tradeoff  results  are  given  in  Figure  11.28.  Aluminum  foil  is 
shown  to  have  a  superior  figure  of  merit  than  copper  because  of  its  much 
lower  weight.  Aluminum  flame  spray,  much  considered,  rankB  third  due  mainly 
to  its  lower  conductivity. 

A  final  tradeoff  factor,  not  directly  considered  here,  is  cost. 
Because  of  the  changing  price  on  material  commodities,  specific  price  data 
Is  not  considered.  Such  a  tradeoff,  however,  must  be  done  during  each  stage 
of  the  system  design. 

The  discussion  has  considered  only  the  airframe  material  aspects 
ol.  electronic  system  protection.  Use  of  aluminum  protection  systems  on  the 
airframe  allows  a  100  fold  improvement  in  electromagnetic  shielding  with 
only  a  5-15%  weight  penalty.  Thicker  coatings  will  provide  better  protec¬ 
tion  but  extract  in  Increasingly  large  weight  penalty.  Consequently,  fur¬ 
ther  protective  measures  should  be  provided  by  T^g^ABLE^  an(j 

A  well  protected  airframe  simplifies  the  hardening  of  joints, 
cables  and  equipment  boxes.  Cables  should  be  well  shielded  or,  for  mission 
critical  systems,  provided  with  fiber  optic  lines. 
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EM  PROTECTION  WEIGHT  PENALTIES  (Te) 

Forward  Fuselage  AV-8B  (Area  -  100  Ft2)  Weight  Penalty 
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